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SECTION  1 


Introduction 

This  report  describes  the  work  performed  under  the  auspice  of  USAF 
contract  F33615-83-K-2335  entitled  "Studies  of  the  Discharge  Effects  on  Plasma 
Assisted  Deposition  of  Semiconductor  Materials."  The  main  goal  vas  to 
determine  the  microscopic  plasma  parameters  in  typical  discharges  used  for 
deposition  of  semiconductor  materials  —  in  this  case  hydrogenated  amorphous 
silicon. 

One  of  the  biggest  problems  in  such  a  task  is  the  fact  that  the  discharge 
creates  complex  radicals  in  numbers  approaching,  if  not  exceeding,  that  of  the 
donor  molecules  (SiH^).  Consequently,  modeling  of  such  discharges  based  upon 
reaction  rates  of  the  donor  molecules  is  less  than  exact,  and  even  then  it  is 
difficult  because  of  the  lack  of  precise  transport  coefficient.  Vhen  the 
radicals  are  folded  into  the  problem,  the  difficulties  become  nigh-onto- 
unsurmountable  at  the  present  time.  Consequently,  much  of  our  work  vas  aimed 
at  determining  the  plasma  dynamics  directly. 

This  report,  then,  is  divided  along  the  lines  of  the  various  approaches 
taken  toward  these  goals.  In  Section  II,  the  Ph.D.  thesis  of  C.  Fleddermann 
is  presented  which  discusses  the  kinetics  of  the  electron  density  in  a  hollow 
cathode  discharge  in  silane  helium  mixture,  which  is  very  similar  to  that  used 
by  those  working  with  proximity  discharges.  Some  of  that  work  is  summarized 
and  repeated  in  Section  III,  which  is  the  article  published  in  the  Journal  of 
Applied  Physics.  It  vas  also  the  subject  of  paper  HA-2  presented  at  the  37th 
Annual  Gaseous  Electronics  Conference  in  Boulder,  CO,  Oct.  9-12,  1984. 

Sec.  IV  deals  with  the  dynamics  of  an  RF  glow  in  the  simplest  of  all  rare 
gases  --  helium.  Most  plasma  deposition  systems  use  the  planar  RF  discharge 


similar  to  that  studied  here.  Ve  intentionally  avoided  the  more  complex 
molecular  gases  so  that  the  complex  chemistry  of  those  discharges  would  not 
interfere  with  the  plasma  problem.  That  section  is  a  preprint  of  an  article 
due  to  be  published  in  the  IEEE  Transaction  of  Plasma  Science  in  April  1986. 

It  was  also  the  subject  of  paper  CB-18  presented  at  the  38th  Annual  Gaseous 
Electronics  Conference  in  Honterey,  CA,  Oct.  15-18,  1985. 

Sec.  V  is  a  preprint  of  an  article  due  to  appear  in  the  Applied  Physics 
Letters  in  Mar.  1986.  In  this  paper,  ve  show  some  rather  startling  and,  as  of 
yet,  unexplained  plasma  dynamics  in  response  to  square-vave-modulating  the  RF 
excitation  of  silane-helium  mixtures.  Conventional  wisdoms  would  suggest  that 
such  discharges  would  reach  a  quasi-CW  state  on  a  time  scale  of  a  few  hundred 
microseconds.  Much  to  our  surprise,  the  electron  density  is  enhanced  —  even 
on  a  time-averaged  basis,  and  the  silicon  deposition  rate  is  also  increased. 
The  physical  process  for  the  density  enhancement  has  not  been  identified,  but 
it  appears  to  occur  in  discharges  in  electronegative  gases.  While  the  causes 
have  not  been  identified,  it  may  have  the  practical  application  of  achieving 
an  enhanced  process  (i.e.,  deposition  or  etching)  while  minimizing  damage  to 


the  semiconductor. 


SECTION  II 


MEASUREMENT  OF  THE  ELECTRON  DENSITY  AND  THE  ATTACHMENT 
RATE  COEFFICIENT  IN  SILANE/HELIUM  DISCHARGES 

by 

Charles  Byrns  Fledderman 
June  1985 


I.  INTRODUCTION 


The  application  of  gas  discharge  technology  to  problees  in  the 
seelconductor  industry  has  revolutionized  the  processing  of 
seelconductors,  contributing  in  both  the  areas  of  etching  and  deposition 
of  seelconductor  eater ials.  Plasea  etching  (also  known  as  dry  etching) 
of  silicon  using  flourlne  bearing  gases  has  made  it  possible  to  build 
elcroelectronlc  circuits  with  device  dleenslons  far  sealler  than  is 
feasible  with  conventional  wet-etch  techniques,  and  is  now  an 
extensively  used  integrated  circuit  processing  technique  in 
industry.^  Deposition  of  sealconductors  using  plasea  techniques  is  not 
as  well  developed  a  technology,  although  deposition  of  nitrides  for 
Integrated  circuits  has  been  coeeon  for  soee  tlee.^*^  Deposition  froe  a 
plasea  allows  processing  at  far  lower  teeperatures  than  can  be  achieved 
using  pyrolytic  aethods  (preventing  diffusion  of  dopants),  proaotes 
chealcal  reactions  that  otherwise  would  not  take  place,  and  can  even 
allow  the  growth  of  eater ials  that  cannot  be  produced  any  other  way, 
aaklng  the  gas  discharge  a  very  powerful  tool  in  the  production  of 
sealconductors. 

One  plasea  deposited  aaterial  that  is  becoalng  increasingly 
laportant  is  aaorphous  silicon.  Indeed,  to  date,  eost  electronically 
useful  aaorphous  sealconductors  have  been  produced  by  glow  discharge 
deposition  techniques.  Aaorphous  aaterlals  have  traditionally  been 
prepared  by  quenching  froa  the  aelt,  evaporation  or  sputtering.  These 
techniques  have  proven  to  be  inadequate  for  growing  aaorphous 
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sralconductors,  since  the  eaterial  produced  contains  a  very  high  density 
of  unsatisfied  "dangling"  bonds  which  cause  a  very  high  density  of 
states  In  the  band  gap.  The  high  density  of  states  pins  the  Feral  level 
near  the  center  of  the  band  gap,  precluding  doping  and  the  fabrication 
of  useful  devices  In  aaorphous  silicon.  This  situation  changed  In  1969 
when  aaorphous  silicon  was  first  deposited  at  low  teaperature  froa  a  gas 
discharge  In  silane,  a  silicon  bearing  gas.^  During  the  deposition, 
significant  aaounts  of  hydrogen  were  Incorporated  Into  the  flla, 
saturating  the  dangling  bonds,  reducing  the  density  of  states  In  the 
band  gap,  and  providing  aaterlal  that  Is  suitable  for  electronic 
applications.  In  1975  the  first  selective  doping  of  aaorphous 
sealconductors  was  deaonstrated,^  thus  proving  the  suitability  of 
aaorphous  silicon  for  device  fabrication.  Since  that  tlae,  a  great  deal 
of  research  has  gone  Into  understanding  the  properties  of  aaorphous 
silicon,  and  aany  uses  for  aaori^oua  silicon  have  been  proposed.  Chief 
aaong  these  uses  Is  In  the  field  of  solar  photovoltalcs.  Since  aaorphous 
silicon  Is  a  disordered  solid,  the  k  conservation  rules  are  relaxed, 
aaklng  aaorphous  silicon  a  "pseudo-direct"  band  gap  material,  having  a 
much  higher  absorbtlon  coefficient  for  the  solar  spectrua  than  does 
crystalline  silicon.  The  difference  In  absorbtlon  coefficient  Is 
Illustrated  In  Fig.  1  where  It  can  be  seen  that  the  absorbtlon 
coefficient  for  aaorphous  silicon  Is  about  an  order  of  aagnitude  higher 
than  that  for  crystalline  silicon.  Although  the  electrical  properties  of 
aaorphous  silicon  are  not  as  good  as  those  for  crystalline  silicon,  for 
solar  cell  applications  this  is  more  than  made  up  for  by  the  better 
optical  absorbtlon  and  greatly  reduced  production  costs  of  aaorphous 


1.00  1.20  1.40  1.60  1.80  2.00  2.20  2.40  2.60  2.80 

PHOTON  ENERGY  (eY) 


3.00 


1  Absorbtion  coefficient  for  amorphous  and  crystalline  silicon. 
(From  ref.  5) 
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■aterlals.  The  highest  efficiency  achieved  for  these  devices  Is  around 

10%^  (coapared  to  approximately  18%  in  single  crystal  silicon 

cells) and  they  have  already  found  commercial  application  In  powering 

digital  watches  and  calculators*  Other  potential  applications  for 

amorphous  semiconductors  Include  photoreceptors,  Xerography,  FET  drivers 

for  large  area  liquid  crystal  displays, ' and  devices  where  radiation 

damage  can  degrade  crystalline  semiconductor  performance^^  (amorphous 

materials  being  already  disordered,  show  negligible  effects  from 

exposure  to  radiation).  There  has  also  been  some  Interest  In  using 

amorphous  semiconductor  alloys  In  semiconductor  superlattice 
lii 

studies. 

Of  great  Importance  to  the  commercial  future  of  amorphous 
semiconductors  Is  an  understanding  of  the  deposition  process  by  which 
they  are  produced.  Although  this  technology  has  been  around  for  several 
years,  the  deposition  process  remains  more  In  the  realm  of  art  than 
science.  This  Is  partly  due  to  the  wide  variety  of  deposition  systems  In 
use  In  various  laboratories.  Including  rf  (capacitlvely  and  Inductively 
coupled)  and  dc  systems.  Moreover,  even  for  similar  types  of  deposition 
systems,  there  Is  a  great  deal  of  variation  from  system  to  system  In 
dimensions,  configurations  and  materials,  rendering  comparisons  between 
films  grown  In  different  laboratories  meaningless.  The  current  ''state  of 
the  art"  In  deposition  Is  knowing  how  to  set  the  external  parameters 
(voltage,  pressure,  gas  mixture,  etc.)  to  produce  a  film  of  given 
quality  In  a  given  deposition  system. 

In  order  to  tie  together  the  results  obtained  In  various 
laboratories  and  to  show  what  direction  needs  to  be  taken  to  improve  the 
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fllas  that  are  produced,  It  is  essential  to  aove  beyond  the  aacroscopic, 
external  paraaeters  of  deposition  systeas,  and  try  to  coae  to  soae 
understanding  of  the  alcroscoplc  properties  of  the  deposition  plasaa 
Itself.  This  is  no  easy  task,  since  deposition  discharges  typically 
contain  aany  different  atonic  and  nolecular  neutrals,  ions,  and  excited 
states.  A  representative  saaple  of  these  is  found  in  Table  1.  There  are 
also  a  large  nuaber  of  possible  plasaa  kinetic  processes  which  affect 
the  deposition  process,  soae  of  which  are  shown  in  Table  2.  Thus,  the 
deposition  plasaa  is  an  enoraously  conplex  systea,  the  understanding  of 
which  Involves  deternlning  which  of  the  species  and  processes  aentioned 
in  Tables  1  and  2  are  laportant,  and  how  they  affect  the  plasaa  and  the 
deposition  process.  Perhaps  the  nost  laportant  of  the  species  shown  in 
Table  1  are  electrons  since  electrons  fuel  so  aany  of  the  kinetic 
processes  aentioned  in  Table  2.  Therefore,  understanding  the  properties 
of  the  electrons  in  the  discharge  is  a  good  first  step  in  gaining  an 
understanding  of  the  deposition  process. 

There  have  been  several  previous  studies  aiaed  at  understanding 
these  alcroscoplc  properties  of  the  discharge  plasaa.  Hany  have  studied 
the  properties  of  the  deposited  filas,  aeasuring  surface  aorphology, 
hydrogen  content  and  type  of  bonding,  and  atteapted  to  correlate  these 
with  external  discharge  paraaeters  to  infer  soae  of  the  plasaa 
characteristics.  Typical  of  these  studies  is  that  of  Knight  ^ 
al..^^  who  studied  the  effect  of  dilution  of  silane  by  noble  gases  to 
deteralne  the  effects  on  growth  rate,  and  the  effect  of  the  diluent 
specie  on  the  flla  structure.  Potts  et  a^^^  studied  the  effects  of  gas 
pressure  and  rf  power  on  the  optical  absorption  and  hydrogen  content  of 


Table  1  Species  present  In  a  typical  silane  deposition  discharge. 


Species  present: 


Neutrals:  He,  SlHj^,  SIH^,  H,  Sl^H^  (s>2) 


Charged  particles:  e",  He*,  SIH^*,  H*,  SlHj^" 


Excited  states:  He*,  SIH^*,  H* 


Table  2 


A  sanple  of  possible  plasma  kinetic  processes  (with  examples), 
for  deposition  discharges. 

Plasma  kinetic  processes: 

Dissociation 

e“  +  SIH^ - -SlHj  H  +  e‘ 

Ionization 

e”  +  He  ■ — — He'*'  +  2e 

Recombination 

0“  ♦  SlHj*^  — -  SlHg  ♦  H 

Attachment 

e“  +  SlHj - ►SlHg’  +  H 


Charge  Exchange 


the  fllfls.  These  types  of  studies  are  leportant  In  teres  of  learning  how 
to  get  files  with  specific  qualities,  but  at  best  yield  only  Indirect 
and  Incoeplete  Inf  creation  on  the  actual  deposition  process. 

More  direct  eeasureeents  of  plasea  properties  that  have  been 

perforeed  Include  eass  spectroscopic  studies,  optical  eelsslon 

eeasureeents,  and  plasea  probe  studies.  Mass  spectroscopic  eeasureeents 

give  Inf  creation  on  the  dissociation  process,  allow  a  deterelnatlon  of 

the  presence  of  various  species,  and  perelt  an  Inference  of  the  kinetic 

processes  In  the  discharge.  Drevlllon  ^  al.^^  have  used  a  eass 

spectroaeter  In  a  low  pressure  dc  discharge  to  study  the  dissociation 

process  and  coapare  files  grown  free  neutrals  to  those  grown  froa  ionic 

18 

species.  Robertson  ^  studied  the  spatial  dependence  of  species 

concentrations  and  found  that  SIH^  Is  the  predoalnant  radical  Just  above 
the  substrate.  Turban  and  coworkers, Haller, and  Heakleia  gt 
al.“  have  used  quadrupole  eass  spectroscopic  techniques  to  study  the 
kinetic  processes  In  the  plasea  and  to  generate  a  aodel  of  the  discharge 
plasea.  Maas  spectroscopy  suffers  froa  the  drawback  that  It  Is  a 
perturbative  technique,  and  due  to  sheaths,  etc.,  there  Is  a  difference 
In  what  Is  In  the  plasea  and  what  winds  up  going  through  the  quadrupole. 
These  drawbacks  are  soaewhat  altlgated  by  using  a  different  eass 
spectroscopic  aethod,  Fourier  Transfora  Mass  Spectroscopy.^^ 

OH 

Haaland^^  has  applied  this  technique  to  dissociation  ezperlaents  In 
silane,  and  Is  able  to  find  the  tlse  dependence  of  soae  of  the  radical 
species  concentrations.  This  technique  Is  Just  beginning  to  be  used  for 
deposition  plasaas. 

Optical  eelsslon  spectroscopy  Is  a  aethod  whereby  spontaneous 
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Mission  from  the  plassa  Is  sonltored  to  detarnlns  Nhst  spscles  srs 
prsssnt  and  shat  effect  changes  in  external  paraMters  have  on  the 
plasaa.  Kaapas  et  al«^  studied  the  Mission  intensities  of  various 
species  in  the  discharge  as  a  function  of  silane  percentage  and  rf 
voltage.  Proa  this  they  infer  the  electron  density  and  electron 
tMperature  dependence  in  the  plasaa »  and  are  able  to  aodel  the  product 
foraatlon  paths.  Hlrose  and  coNorkers^^  and  Hatsuda  et  al.^^  also 
aonltored  various  species  in  the  plasaa  and  tried  to  correlate  their 
relative  densities  with  the  hydrogen  content  of  films  grown  in  their 
systeas.  This  aethod  of  studying  plasaas  is  Halted  by  the  fact  that 
only  soae  of  the  constituents  of  the  plasaa  have  known  Mission  spectra. 
For  example,  SiHj|  and  SiH^  do  not  Mlt  line  or  band  spectra,  so  only  an 
incomplete  picture  of  the  plasaa  is  possible  with  this  technique. 

There  have  been  attMpts  to  aeasure  the  electron  density  directly 
in  the  plasaa.  Koclan  ^  al.^^>^^  used  plasaa  probe  aethods  to  aeasure 
electron  density  and  electron  temperature  in  order  to  get  an  idM  about 
the  relative  likelihood  of  various  plasaa  processes.  Gleres  and  his 
co-workers^  used  the  saae  Langmuir  probe  techniques  and  correlated 
their  results  with  aass  spectroscopic  aeasureaents  of  neutrals  in  the 
plasaa.  It  is  important  to  aeasure  these  parameters;  however,  Langaulr 
probes  also  perturb  the  plasaa,  making  results  difficult  to  interpret. 

This  study  SMks  to  Increase  the  understanding  of  deposition 
plasaas  by  utilizing  non-perturbatlve  alcrowave  diagnostic  techniques  to 
aeasure  the  electron  density  In  silane/heliua  discharge  plasaas.  From 
these  aeasureaents,  a  deteralnatlon  of  the  relative  importance  of  soae 
fundamental  kinetic  processes  can  be  aade.  In  Chapter  2,  the  growth 
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systn  that  waa  developed  for  this  research  is  discussed,  along  with 
results  of  soae  diagnostics  on  filas  grown  in  the  systea.  In  Chapter  3? 
the  theory  of  the  alcrowave  aeasureaent  technique  is  described.  In 
Chapter  4,  the  results  of  electron  density  aeasureaents  for  a  dc 
discharge  are  presented,  followed  in  Chapter  5  by  aeasureaents  using  a 
pulsed  power  supply. 


II.  FILM  STUDIES 


The  gloN  discharge  growth  systea  used  in  this  study  Is  shown  In 
Fig.  2  In  the  configuration  for  flla  growth.  The  discharge  Is  Initiated 
In  a  hollow  cathode,  which  Is  a  9.8  ca  Inner  dlaaeter  stainless  steel 
cylinder,  17.5  ca  long.  The  hollow  cathode  configuration  was  chosen  for 
this  work  because  It  facilitates  certain  plasaa  diagnostics  which  will 
be  discussed  In  subsequent  chapters,  and  because  It  Is  sustained  In  a 
aanner  slallar  to  that  for  an  rf  discharge, which  la  the  acre  coaaonly 
used  plasaa  deposition  systea.  Thus,  results  obtained  In  the  hollow 
cathode  should  be  equally  applicable  to  rf  systeas.  The  hollow  cathode 
Is  connected  to  a  turbo-aolecular  puap  capable  of  evacuating  the  systea 
to  10"^  Torr  or  better  before  experiaents,  and  a  fore  puap  Is  used  while 
flowing  gases.  During  experiaents,  hellua  and  10%  silane  In  hellua  are 
Introduced  Into  the  systea  through  a  flow  controller  which  provides 
reproducible  and  controlled  pressures,  flow  rates,  and  flow  ratios  of 
gases,  and  allows  the  percentage  silane  In  the  discharge  gas  .  uc 
continuously  varied  between  0  and  10%. 

Substrates  for  growth  were  attached  either  aechanlcally  or  using  a 
hlgh-vacuua  coapatlble  adhesive  to  a  stainless  steel  substrate  holder  In 
an  am  off  the  hollow  cathode.  The  distance  froa  the  substrate  holder  to 
the  hollow  cathode  can  be  changed  froe  0  to  10  ca.  The  hollow  cathode 
and  the  substrate  holder  have  different  power  supplies,  so  the  current 
(and  voltage)  for  the  hollow  cathode  and  for  the  substrate  holder  can  be 
varied  relatively  Independently  of  each  other.  Figure  3  shows  the 
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current-voltage  characteristic  for  the  discharge  growth  systea,  with  the 
substrate  voltage  as  a  function  of  the  current  to  the  substrate  holder 
and  current  In  the  hollow  cathode  discharge.  For  a  constant  substrate 
voltage,  the  current  to  the  substrate  Is  enhanced  by  an  Increase  In 
hollow  cathode  current.  The  substrates  were  either  glass  or  crystalline 
silicon,  depending  on  the  type  of  flla  aeasureaents  to  be  aade. 

To  deteralne  whether  the  hollow  cathode  growth  systea  Is  slallar  to 
the  systeas  used  In  other  laboratories,  fllas  were  grown  and  diagnostics 
perforaed  on  thea  to  deteralne  If  the  properties  of  the  files  are 
coaparable  to  those  reported  In  the  literature.  In  general,  the  files 
were  brownish  In  color,  adhered  well  to  the  substrate  when  the  substrate 
was  biased  negatively,  were  unlfora  and  had  a  low  density  of  pinholes. 
When  the  substrate  holder  was  biased  positively,  the  fllas  were  powdery, 
and  easily  reaoved  froa  the  substrate.  Figure  4  shows  the  growth  rate  of 
the  flla  as  a  function  of  current  to  the  substrate  holder,  which  was 
aeasured  by  aasklng  a  part  of  the  substrate  during  the  growth,  reaovlng 
the  aask,  and  aeasurlng  the  step  height  using  a  aechanlcal  stylus 
surface  profiling  Instruaent.  The  growth  rates  shown  In  Fig.  4  are  for 
silicon  substrates,  and  are  roughly  50%  higher  than  growth  rates  for 
glass  substrates  under  the  saae  discharge  conditions.  The  growth  rates 
shown  here  are  well  within  the  range  reported  In  the  literature  for  both 
rf  and  dc  deposition  systeas. 

Raaan  scattering  ezperlaents  were  perforaed  to  deteralne  whether 
the  fllas  were  crystalline,  polycrystalllne,  or  aaorphous.  For 
crystalline  silicon,  only  phonons  near  the  zone  center  contribute  to  the 
Raaan  scattering;  therefore,  the  spectrua  of  the  scattered  radiation  Is 


Fig. 


4  Growth  rate  of  amorphous  silicon  as  a  function  of  current  to 
the  substrate  holder. 
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narrow.  In  contrast ,  in  aaorphous  silicon,  all  vibrational  nodes  can 
contribute  to  the  scattering,  and  the  spectrua  is  broad. Thus,  Raaan 
eiperiaents  give  a  sensitive  aeasureaent  of  what  type  of  fila  has  been 
grown.  Figure  5  shows  the  Raaan  spectrua  of  a  typical  fila  grown  in  the 
hollow  cathode  systea.  The  broad  peak  around  the  origin  (0  ca~^)  is  due 
to  Rayleigh  scattering  froa  the  puap  laser.  For  crystalline  silicon,  the 
scattered  spectrua  should  be  quite  narrow  (>v<  5  cn~^)  and  centered  around 
520  ca~^.^^  For  aaorphous  silicon,  the  peak  is  shifted  to  480  ca*^  and 
is  considerably  broadened. In  Fig.  5  the  spectrua  features  a  very 
broad  (  100  ca~^}  peak  centered  around  480  ca**^  so  this  fila  is 

clwly.  aaorphous.  The  ItBBan  effect  can  also  give  Inforaatlon  on 
iapurities  in  the  saaple.  There  is  a  stretching  node  of  the  Si>H  bond  at 
around  2100  which  can  be  seen  as  a  slight,  broad  buap  in  Fig. 

5*  This  indicates  that  there  is  a  saall  aaount  of  hydrogen  present  In 
the  fila. 

The  aaount  of  hydrogen  contained  in  the  fila  is  a  very  inportant 
paraneter  since  the  optical  absorption  coefficient  and  the  electrical 
properties  of  the  fila  are  deternlned  to  soae  extent  by  the  bonded 
hydrogen  in  the  fila.  Figure  6  shows  the  absorption  coefficient  as  a 
function  of  wavelength  for  films  grown  at  three  different  substrate  bias 
currents  (and  hence  three  different  voltages)  near  rooa  teaperature.  A 
broad-band  light  source  and  an  optical  aulti-channel  analyzer  are  used 
to  aeasure  the  light  transaitted  by  the  glass  substrate  and  that 
transaitted  by  both  the  substrate  and  fila.  Ignoring  interference 
effects  due  to  reflections  froa  the  fila/substrate  interface,  the 
expression  for  the  absorption  coefficient  is  given  by 


Fig.  5  Ranan  spectrua  of  typical  fila  grown  in  the  hollow  cathode 

discharge.  (Measureaent  perforaed  by  Dr.  P.  Hargis  of  Sandia 
National  Laboratories.) 


Wavelength  (nm  ) 


Abaorbtlon  coefficient  for  films  grovm  in  apparatus  of  Fig.  2 


a  =  —  In 
t 


(  1) 


where  t  le  the  file  thickness,  is  the  intensity  of  light  transaitted 
by  the  substrate,  and  Ij.  is  the  the  light  intensity  transaitted  by  the 
fila/substrate  coabinatlon.  In  Fig.  6,  it  can  be  seen  that  there  is  no 
difference  in  the  absorbtlon  coefficient  of  the  films  grown  at  different 
substrate  biases.  The  optical  band  gap  is  deteralned  froa  the  absorption 
coefficient  data  of  Fig.  6  using  the  aethod  outlined  by  Tauc.^*^  The 
square  root  of  the  product  of  the  absorption  coefficient  and  the  photon 
energy  (ah\j  is  plotted  against  the  photon  energy  (hu  ),  and  a 
straight  line  extrapolated  froa  the  higher  energy  data.  The  Intercept  of 
this  line  with  the  energy  axis  is  the  optical  band  gap.  A  plot  of 
(ah  V  versus  h  v  for  the  data  of  Fig.  6  is  shown  in  Fig.  7»  giving 
an  optical  band  gap  for  the  fila  of  approxlaately  1.75  eV.  Figure  8  is  a 
coapilatlon  froa  the  literature  of  the  results  of  various  experiaents 
correlating  the  optical  band  gap  with  the  hydrogen  content  of  aaorphous 
silicon  filas.^  Froa  Fig.  8,  the  atoalc  percent  hydrogen  for  the  fllas 
in  this  study  is  deteralned  to  be  12  percent,  which  is  coaparable  to  the 
results  obtained  by  Zanzucchi  et  al.^  of  10  atoalc  percent  hydrogen  for 
filas  grown  in  a  dc  prox laity  discharge  at  rooa  teaperature. 

The  results  of  aeasureaents  performed  on  typical  fllas  presented  in 
this  chapter  show  that  although  a  rather  unique  growth  system,  the  dc 
hollow  cathode,  was  used,  the  results  obtained  here  are  very  slailar  to 
those  reported  by  other  workers  using  very  different  growth  systems*  our 
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Fig.  8  Dependence  of  the  optical  bandgap  of  amorphous  silicon  on 
hydrogen  content  of  the  film.  (From  ref.  38) 


fills  are  aaorptioua  with  a  fairly  low  hydrogen  content.  Thla  indicates 
that  the  processes  taking  place  in  plasaas  in  deposition  systees  are 
fUndaaentally  systea  Independent.  Therefore,  the  results  of  experieents 
■easurlng  plasm  properties  in  the  hollow  cathode  systea  will  be 
applicable  to  other  silane  discharge  systeas  as  well. 


III.  THEORY  OF  PLASMA  MEASUREMENTS 


The  process  of  deposition  of  asorphous  silicon  froe  a  silane  plasaa 
is  priearily  initiated  with  the  dissociation  of  the  parent 
SiH^i  eolecules  by  electron  iapact: 

e"  +  SIH^ - (  2) 

This  reaction,  like  eany  others  eentioned  in  Chapter  1,  involves  collisions  of  fr< 

electrons  with  soae  other  constituent  in  the  discharge;  thus,  the 

density  and  energy  of  free  electrons  in  the  plasea  are  very  laportant 

paraeeters.  Aeong  other  things,  the  plasea  electron  density  deterslnes 

the  plasaa  potential,  the  thickness  of  the  sheaths,  and  reaction 

pathways,  and  is  thus  an  essential  coaponent  in  realistic  aodels  of  the 

plasaa  deposition  process. 

A  sensitive,  non-perturbatlve  aethod  for  aeasuring  the  electron 
density  utilizes  the  shift  in  resonant  frequency  of  a  aicrowave  cavity 
when  a  dielectric  (in  this  case  a  plasaa)  is  introduced  into  it.  The 
apparatus  used  for  this  aeasureaent  is  shown  in  Fig.  9«  This  is  the  saae 
systea  shown  in  Fig.  2  aodifled  to  fora  a  aicrowave  cavity:  the 
substrate  holder  has  been  reaoved,  and  two  stainless  steel  endplates 
(with  2.5  ca  centered  holes  to  allow  gas  flow)  have  been  attached  to 
either  end  of  the  hollow  cathode.  The  cavity  is  excited  using  a  loop 
antenna,  and  another  loop  antenna  is  used  to  detect  the  electric  field 
in  the  cavity.  A  waveaeter  aeasures  the  frequency  of  the  energy  froa  the 
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Experlaental  apparatus  of  Fig.  2  aodlfled  to  Measure  the  plasaa 
electron  density. 


■IcroHave  generator,  and  a  crystal  diode  Is  used  to  detect  the  signal 
froa  the  output  loop. 


The  eagnitude  of  the  resonant  freguency  shift  of  the  cavity  caused 
by  the  Introduction  of  the  plasaa  can  be  determined  using  a  simple 
perturbation  theory. Assuming  that  for  Iom  electron  densities  the 
field  configuration  In  the  cavity  Is  not  significantly  altered  by  the 
plasaa  compared  to  the  empty  cavity,  the  shift  In  resonant  frequency  for 
the  cavity  Is 

Af  N 

— ^ - 1  (3) 

f  2me  (0 
o  o  o 


where  f^  Is  the  resonant  frequency,  A  f^  Is  the  resonant  frequency 

shift,  and  N.  Is  the  spatially  averaged  electron  density  In  the  cavity, 
o 

Equation  (3)  Indicates  that  the  electron  density  Is  directly 
proportional  to  the  shift  In  resonant  frequency  of  the  cavity.  The 
electron  density  N  Is  not  spatially  uniform,  so  the  average  electron 
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density  Is  obtained  by  weighting  by  the  electric  field: 


N 

e 


/  N  c 

Jv  e  o 

/  dV 
J  y/  o 


(4) 


In  order  to  determine  N  using  Equations  (3)  and  (4),  the  field 
configuration  (E^)  for  the  resonant  mode  and  the  spatial  variation  of 

N  must  be  known.  Since  the  resonant  frequency  shift  Is  due  to  the 

o 

Interaction  of  free  electrons  In  the  plasaa  with  the  microwave  electric 
field,  measurements  of  Af  for  nodes  with  different  field 


configurations  will  yield  Inforaatlon  on  the  spatial  variation  of 


The  alcrowave  generator  frequency  was  swept  over  a  broad  range,  and 
two  high  Q  cavity  aodes  were  observed.  To  deteralne  what  these  two  nodes 
were,  and  thus  to  deteralne  the  associated  field  configurations,  the 
frequency  generator  was  set  to  a  resonance,  a  piece  of  plexiglass 
Inserted  Into  the  cavity  to  perturb  the  electric  field  and  hence  the 
output  signal  at  the  detector,  and  the  perturbations  napped  out  as  a 
function  at  r,  ,  and  z.  Figure  10  shows  the  result  of  these 
neasurenents  for  one  of  the  cavity  aodes  with  variations  characteristic 
of  the  node.  Slallarly,  Fig.  11  Is  assigned  to  the 

TE^^^  node.  In  this  cavity,  the  TE^^^  oscillates  at  1.955  QIz  and  the 
TE^^^  node  at  4.071  Olz,  with  cavity  Q's  of  980  and  580  respectively. 

Having  Identified  the  resonant  nodes  of  the  cavity,  the  electric 
field  configuration  for  both  aodes  can  be  readily  deternined.  The 
electric  field  coaponents  for  a  TE  node  In  a  cylindrical  wave  guide 


E  -  0  (5a) 

z 

E  -  rim  c  J  (hr)  sin(n((.)  (5b) 

r  ^2  ^  n  n 

■  C  J  (hr)  cos(n(|>)  (5c) 

9  t  *  n  n 


where  n  is  the  first  digit  In  the  node  nunber,  is  a  constant,  and 


J  Is  the  nth  order  Bessel  function  of  the  first  kind.  Is  the  sue  of 
n  o 

the  squares  of  the  field  components : 


+  E^  (6) 

o  z  r 


Using  the  Identity 


j 

n 


(x) 


(7) 


He  get 

E^  =  ^  ^  cV(hr)  sln^(n<^)  + 

o  ,2  n  n 


{J  ,  (hr)  -  J  (hr)}  cos  (n(J))  (8) 

,  2  n  n-1  n+1 

h  r 

Equation  (8)  has  been  plotted  as  a  function  of  r  for  both  the 

BOde  and  the  TE^^^  Bode  in  Fig.  12,  where  it  is  seen  that  the 
electric  field  distribution  for  each  of  the  two  nodes  is  very  different. 
The  TE^^^  mode  emphasizes  the  central  core  of  the  electron  density 
distribution,  whereas  the  TE^^^  node  emphasizes  the  electron  density 
closer  to  the  wall.  Hence,  neasurements  of  the  resonant  frequency  shift 
for  both  Bodes  under  the  sane  discharge  conditions  are  coapleaentary, 


and  allow  an  Inference  of  the  spatial  variation  of  the  electron  density. 
The  final  steps  in  using  Equations  (3)  and  (4)  to  determine  the 


electron  density  are  to  assume  a  functional  form  for  the  spatial 
variation  of  and  use  the  frequency  shift  data  for  the  two  cavity 
nodes  to  determine  the  parameters  of  the  functional  fora.  For  this 
study,  the  electron  density  was  assumed  to  be  of  the  form: 


N  »  N  (1  -  (r/R)^™) 
o 


(  9) 


where  Is  the  axial  electron  density  (the  density  down  the  axis  of  the 
cavity  at  r=0),  R  Is  the  radius  of  the  cavity,  and  a  Is  an  Integer.  For 
this  distribution,  the  electron  density  Is  highest  at  the  center  of  the 
cavity  and  drops  off  to  zero  at  the  wall.  The  value  of  n  determines  how 
rapidly  the  electron  density  drops  to  zero.  It  Is  also  assumed  that  the 
variation  of  the  electron  density  In  the  z  direction  can  be  Ignored 
since  the  cavity  Is  long  compared  with  the  sheath  thickness  at  the 
endplates.  Using  Equations  (3)>  (4)>  and  (9),  and  the  experimental  data 
for  the  frequency  shift  for  both  modes,  a  computer  was  used  to  determine 
and  a  for  all  discharge  conditions. 

In  this  chapter,  the  theoretical  basis  and  the  experimental 
procedure  for  measuring  the  electron  density  In  the  hollow 
cathode /microwave  cavity  have  been  discussed.  In  the  following  chapters, 
results  of  electron  density  measurements  performed  In  discharges  with 
helium  and  silane  diluted  In  helium  will  be  presented. 
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IV.  DC  MEASUREMENTS 


The  aethod  outlined  In  Chapter  3  was  used  to  deteralne  the  electron 
density  in  the  hollow  cathode  discharge  systea.  The  shift  In  resonant 
frequency  was  aeasured  as  a  function  of  gas  pressure,  discharge  current 
and  gas  aixture  for  tx>th  the  TE^^^  and  TE^^^  aodes.  For  these 
ezperlaents,  pure  hellua  was  used  as  a  baseline  with  which  to  coapare 
the  results  for  silane  diluted  In  hellua.  The  resonant  frequency  of  the 
eapty  cavity  Is  deteralned  by  adjusting  the  frequency  of  the  alcrowave 
generator,  observing  the  peak  in  the  detector  signal,  and  using  the 
waveaeter  to  deteralne  the  frequency.  The  procedure  la  Identical  when 
there  Is  a  plasaa  In  the  cavity,  except  that  as  the  electron  density 
Increases,  the  cavity  Q  decreases,  which  aakes  the  frequency  aore 
difficult  to  deteralne. 

Typical  data  for  these  aeasureaents  are  shown  In  Fig.  13,  a  plot  of 
the  shift  In  resonant  frequency  of  the  cavity  for  both  aodes  as  a 
function  of  hollow  cathode  current  for  a  SIH^  In  hellua  aixture  at 
300  aT.  As  expected.  Increasing  the  discharge  current  Increases  the 
electron  density  due  to  Increased  Ionization  In  the  plasaa.  Also,  the 
aagnltude  of  the  frequency  shift  Is  auch  saaller  for  the 
TE^^^  aode  than  for  the  TE^^^  node,  which  Indicates  that  for  these 
discharge  conditions,  the  electron  density  Is  auch  higher  In  the  center 
of  the  cavity  than  towards  the  wall.  More  will  be  said  about  this  later. 

Data  such  as  that  in  Fig.  13  are  analyzed,  as  discussed  In  Chapter 
3,  using  a  conputer  to  calculate  the  values  for  N^  and  a  in  Equation 


(9)*  The  reeults  of  this  calculation  for  pure  hellua  are  shown  In  Fig. 
14,  where  the  axial  electron  density  (the  density  of  electrons  at  the 
center  of  the  hollow  cathode  cylinder,  or  N^)  Is  plotted  as  a  function 
of  discharge  current  and  hellua  pressure.  The  electron  density  Increases 
linearly  with  discharge  current,  and  Is  In  the  10^^  electrons/ca^  range, 
which  Is  approzlaately  as  expected  for  a  partially  Ionized  aedlua  at 
these  pressures.  Figure  14  also  shows  that  the  electron  density 
Increases  approzlaately  linearly  with  pressure  In  the  systea  (for 
pressures  In  this  range).  This  Is  also  expected  since  Increasing  the 
pressure  Increases  the  density  of  neutrals  available  for  Ionization. 

Figure  15  Is  a  plot  of  the  saae  type  of  data  presented  In  Fig.  14, 
with  the  additional  variable  of  percentage  silane  diluted  In  hellua.  The 
results  are  basically  the  saae  as  before:  there  Is  a  linear  relationship 
between  the  electron  density  In  the  plasaa  and  the  discharge  current. 
However,  the  effect  of  the  addition  of  silane  to  the  discharge  Is  quite 
draaatlc:  the  electron  density  Is  greatly  reduced  even  for  very  saall 
percentages  of  silane.  Coapared  to  100%  hellua,  there  Is  approzlaately 
an  order  of  aagnltude  decrease  In  electron  density  for  Just  a  2%  silane 
In  hellua  alxture.  This  Indicates  that  adding  silane  to  the  gas  alxture 
greatly  accelerates  the  loss  rate  for  electrons  In  the  discharge. 

In  order  to  understand  the  nature  of  this  Increased  electron 
density  decay,  the  functional  dependence  of  the  electron  density  with 
silane  percentage  aust  be  considered.  The  Increased  density  decay  night 
be  attributable  to  a  difference  In  diffusion  coefficient  of  the  silane 
or  silane  product  Ions  coapared  to  hellua  Ions,  thus  changing  the  rate 
of  aablpoleu*  diffusion  of  the  electrons  to  the  wall.  The  expression  for 


the  aabipolar  diffusion  constant  for  electrons  in  a  eulti-species 
discharge  is^^ 


(SIH*] 

—  W*  — “a.SlHj 
e  e 


where  [He'*']  and  [SiH^'*’]  are  the  concentrations  of  heliua  ions  and  silane 
product  ions,  respectively.  The  rate  equation  for  the  electron  loss, 


assusing  a  diffusional  loss  process,  is 


P 


where  P  is  the  electron  production  tere  in  ce'^  sec'^  and  t  is  the 
diffusion  tiae  constant.  For  steady  state  (dc),  the  tiae  derivative  is 
zero  and 


N  -  Pt 
e 


Substituting  for  r  gives 


A  [yD 


a,He+ 


where  A  is  a  geoaetrical  constant  and  y  is  the  percentage  heliua  in  the 
gas  aizture.  Froa  Equation  (13)t  the  variation  in  N  with  silane 
percentage  for  the  low  percentages  shown  in  Fig.  15  would  be  quite 


saall,  certainly  saaller  than  the  order  of  magnitude  change  shown  In 
Fig.  15. 


This  suggests  then,  that  the  Increased  electron  decay  Is  instead 
attributable  to  a  voluaetric  loss  process  such  as  recombination  or 
attachment.  At  these  pressures,  recombination  Is  an  unlikely  process,  so 
we  attribute  this  Increased  electron  loss  to  dissociative  attachment. 
Ignoring  diffusion  but  Including  attachment,  Equation  (11)  can  be 
rewritten 


dN 

— ^  =  P  -  k(X]N  (14) 

dt  ® 


Where  k  Is  the  rate  coefficient  for  the  attachment  process  and  [X]  Is 

the  concentration  of  attaching  species,  which  is  directly  related  to  the 

percentage  silane  In  the  gas  aliture.  Again,  for  steady  state 

dN  /dt  Is  zero,  so  the  solution  for  Equation  (14)  is 
6 


1  k(xl 

N  P 
e 


(15) 


which  Indicates  a  stralght-llne  relationship  between  1/N  and  percentage  silane. 
Figure  16  Is  a  plot  of  1/M^  versus  percent  SIH^  and,  indeed,  it  is  a 
straight  line,  which  Indicates  that  the  predominant  loss  mechanism  in 
the  discharge  Is  attachment,  rather  than  diffuslonal  losses  to  the  wall. 

Further  evidence  for  the  volumetric  nature  of  the  electron  loss 
process  Is  provided  by  consideration  of  the  spatial  electron  density 
distribution,  which  is  determined  by  the  method  outlined  in  Chapter  3. 
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Figure  17  shows  the  results  of  the  coeputer  analysis  of  the  raw  data  and 
the  deteralnatlon  of  values  for  and  a  In  Equation  (9)  for  100%  hellua 

at  300  bT  for  a  hollow  cathode  current  of  25  bA:  electron  density  Is 
plotted  as  a  function  of  radial  distance  froB  the  center  of  the  hollow 
cathode,  norBallzed  to  the  radius  of  the  hollow  cathode.  The  profile 
shown  In  Fig.  17  Indicates  that  the  aajor  electron  loss  process  Is  due 
to  diffusion  to  the  walls,  which  Is  expected  since  helluB  Is  not  an 
attaching  gas  and  recoablnatlon  Is  not  a  significant  loss  process  In 
helluB  at  300  aT.  In  terns  of  the  raw  data,  this  radial  profile  Is 
Indicated  by  the  auch  larger  resonant  frequency  shift  for  the 

node  coapared  to  that  for  the  node.  This  Indicates  a  auch 

larger  density  of  electrons  In  the  center  of  the  cavity  than  out  toward 
the  walls.  Consequently,  the  value  for  a  Is  one,  and  the  radial  density 
distribution  Is  rounded  as  expected  for  a  dlffuslonal  loss  process. 

Figure  18  shows  the  saae  type  of  results  as  Fig.  17,  except  In  this 
case  silane  Is  added  to  the  discharge.  In  contrast  to  Fig.  17,  In  Fig. 

18  there  Is  a  very  noticeable  flattening  In  the  electron  density  profile 
as  silane  la  added.  In  addition  to  the  reduction  In  the  overall 
aagnltude  of  the  electron  density.  In  this  case,  the  aagnltude  of  the 
frequency  shift  for  the  node  becoaes  closer  to  that  for  the 

TE^^^  Bode  as  silane  Is  added  to  the  discharge.  Indicating  that  the 
relative  density  of  electrons  near  the  walls  Is  becoalng  coaparable  to 
the  axial  electron  density.  As  the  density  of  silane  In  the  gas  alxture 
Increases,  the  value  for  a  In  Equation  (9)  Increases,  which  Is  shown  by 
the  flattening  of  the  curves.  The  type  of  profile  shown  In  Fig.  18  Is 
not  characteristic  of  diffusion,  but  rather  indicates  that  electrons  are 


Fig.  18  Radial  electron  density  distribution  for  various  percentages  of 
silane  in  helium. 


being  lost  before  they  have  a  chance  to  diffuse.  In  other  words,  there 
Is  a  large  voluaetrlc  loss  of  electrons  In  this  discharge  when  silane  Is 
added  to  the  gas  alzture,  idilch  Is  Indicated  In  Fig.  18  by  the  reduction 
In  axial  density  coapared  to  the  density  for  r 

Having  established  that  dissociative  attachaent  la  a  very 
significant  process  In  silane  glow  discharges,  which  causes  a  large 
reduction  In  the  electron  density,  It  Is  laportant  to  ascertain  which  of 
the  species  In  the  discharge  Is  responsible  for  the  attachaent,  and  what 
the  rate  coefficient  for  the  process  Is.  In  the  next  chapter,  these 
Issues  will  be  addressed  using  the  sane  nlcrowave  diagnostic  technique 


V.  PULSED  MEASUREMENTS 


The  attaching  specie  In  the  sllane/hellua  discharge  and  the  rate 
coefficient  for  the  attaching  process  were  deterelned  by  replacing  the 
dc  power  supply  used  In  Chapter  4  with  a  pulsed  power  supply.  By  pulsing 
the  hollow  cathode  to  create  a  plasaa  and  aeasurlng  the  resonant 
frequency  of  the  cavity  as  a  function  of  tlae  In  the  afterglow,  the  tlae 
history  of  the  electron  density  can  be  obtained. 

Figure  19  shows  typical  oscilloscope  tracings  of  the  discharge 
current  and  the  elcrowave  detector  voltage  when  the  hollow  cathode  Is 
pulsed.  In  Fig.  19,  the  elcrowave  generator  Is  set  at  the  resonant 
frequency  of  the  eepty  cavity.  Indicated  by  the  negative  voltage  on  the 


oscilloscope  trace  before  the  current  pulse.  When  the  hollow  cathode  Is 
pulsed  and  a  plasaa  Is  created,  the  resonant  frequency  of  the  cavity  Is 
shifted,  so  that  the  detector  voltage  goes  to  zero.  Eventually,  the 


electron  density  In  the  cavity  decays  and  the  cavity  returns  to 
resonance  Indicated  by  the  return  of  the  detector  voltage  to  Its  initial 
negative  value.  If  the  frequency  of  the  elcrowave  generator  is  Increased 
during  the  pulsed  experlaents,  there  Is  a  dip  In  the  oscilloscope  trace 
which  Is  due  to  the  cavity  becoaing  resonant  at  the  electron  density 
corresponding  to  the  frequency  of  the  elcrowave  generator,  giving  a 
slaultaneous  aeasure  of  the  electron  density  and  the  tlae  at  which  that 
density  occurs.  By  changing  the  frequency  of  the  elcrowave  generator  and 
aeasurlng  the  tlae  of  the  corresponding  dip  In  the  detector  voltage,  the 
electron  density  as  a  function  of  tlae  can  be  deteralned.  Froa  the  tlae 
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history  of  the  electron  density  In  the  afterglow,  Inforeatlon  about  the 
nature  of  the  attacheent  process  can  be  obtained. 

Figure  19a  shows  the  results  of  these  aeasureeents  for  100%  hellua. 
The  tine  for  the  electron  density  to  decay  to  zero  Is  about  3  asec,  In 
contrast  to  Fig.  19b  where  di  2.5%  sllane/hellua  gas  alzture  has  been 
used,  and  the  decay  tine  Is  greatly  reduced  to  around  0.2  asec.  This 
supports  the  results  obtained  In  the  previous  chapter  that  the  presence 
of  silane  greatly  Increases  the  electron  loss  rate  In  the  plasaa.  This 
Is  shown  Bore  clearly  In  Fig.  20,  a  plot  of  the  tine  dependence  of  the 
electron  density  for  pure  hellua  and  for  a  5%  SlH|j/He  Blzture,  both  at 
300  aT.  The  tine  constant  for  the  decay  In  pure  hellua  Is  on  the  order 
of  hundreds  of  alcroseconds ,  characteristic  of  electron  loss  by 
aablpolar  diffusion  to  the  walls.  When  silane  la  added  to  the  gas 
alzture,  even  In  snail  aaounts,  there  Is  a  very  noticeable  Increase  In 
the  rate  of  electron  density  decay.  In  Fig.  20,  the  decrease  In  decay 
tine  constant  Is  over  an  order  of  magnitude  for  a  5%  silane  In  hellua 
alzture. 

For  a  given  SIH^  concentration  In  the  Input  gas  alzture,  the  decay 
time  was  found  to  be  a  function  of  the  pulse  width  and  the  pulse 
current.  The  tlae  history  of  the  electron  density  for  different 
ezcltatlon  pulse  widths  Is  Illustrated  in  Fig.  21,  which  shows  that  the 
decay  tine  constant  Is  very  dependent  on  pulse  width.  This  dependence  Is 
plotted  In  Fig.  22  for  300  bT  of  a  5%  SlHj|/He  alzture,  showing  that  an 
Increase  In  the  pulse  width  applied  to  the  discharge  causes  a  decrease 
In  the  decay  tine  constant.  SlBllar  behavior  Is  observed  when  the 
current  In  the  pulse  Is  increased  while  holding  the  pulse  width  and 


Fig.  20  Tine  dependence  of  the  electron  density  in  the  afterglow  of  He 
and  5%  SiHu  in  He  discharges. 
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Fig.  21  Time  dependence  of  electron  density  for  two  different  excitation 
pulse  widths. 
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Fig.  22  Functional  dependence  of  electron  density  decay  time  constant 
on  excitation  pulse  width. 


voltage  constant:  the  decay  tine  decreases  with  Increasing  current.  The 
effect  of  Increasing  pulse  width  and  pulse  current  is  to  increase  the 
dissociation  of  the  parent  SiHj|  aolecules,  thus  reducing  the 
SiH]|  eolecule  density  in  the  plasaa.  Since  the  decay  constant  Increases 
as  the  dissociation  of  SiH^  increases,  it  is  concluded  that  the  electron 
attachaent  is  due  priaarlly  to  soae  product  specie  of  the  dissociation 
of  SiH||  (SIH^  or  H2),  and  that  attachment  to  SIH^  is  not  significant  in 
these  experiments, 

A  quadrupole  aass  spectroeeter  was  used  to  deteralne  the  relative 
concentration  of  the  various  dissociation  products  of  silane.  Distinct 
peaks  were  observed  for  H,  SiH,  SIH^,  and  SIH^.  The  height  of  the 
peak  corresponding  to  aolecular  hydrogen  indicated  that  H2  is  a  eajor 
dissociation  product  of  silane  in  this  discharge,  so  ezperiaents  were 
performed  to  deteralne  whether  dissociative  attachaent  to  H2  is  a  factor 
in  the  large  electron  loss  in  silane  discharges.  The  silane/heliua 
mixture  used  previously  was  replaced  by  aolecular  hydrogen  diluted  in 
helium.  The  result  of  aeasureaents  of  the  reciprocal  tlae  constant  vs. 
percent  H2  is  shown  in  Fig.  23*  and  shows  that  as  is  added  to  heliua, 
the  tine  constant  for  electron  decay  increases,  which  is  readily 
accounted  for  by  the  lower  diffusion  constant  of  in  heliua  compared 
to  He'*'.^^  Siallar  ezperlaents  were  performed  by  adding  to  the  5% 
SiH|j/He  mixture,  with  the  result  that  again  the  tlae  constant  for 
electron  loss  increased.  This  indicates  very  clearly  that  dissociative 
attachaent  to  H2  produced  from  the  dissociation  of  SlH^i  is  not  a 
significant  process  in  silane  discharges.  The  mass  spectroscopic 
aeasureaents  also  showed  that  the  peak  corresponding  to  SiH  was  very 


Fig.  23  Dependence  of  decay  time  on  percentage  hydrogen  diluted  In 
helium. 


saall,  but  those  for  SIH2  and  SIH^  were  roughly  equal  In  height,  and 
over  an  order  of  magnitude  higher  than  that  for  SIH.  From  this  we 
conclude  that  the  primary  dissociative  attachment  process  Is  to 
SIH2,  SIH^,  or  possibly  both. 

The  functional  dependence  of  the  time  constant  on  pulse  width  can 
be  calculated  by  considering  the  rate  equations  for  dissociation  and 
attachment  In  the  plasma.  It  Is  assumed  that  the  major  dissociation 
process  Is  electron  Impact  dissociation  of  silane  (Equation  (2),  where 
SIH^  Is  the  attaching  specie  SIH2  or  SIH^).  The  pertinent  rate  equations 
are 

d[SiH, ] 

- —  -  -Cl  (16a) 

dt 


d(SiH  ] 

- —  =  Cl  [SiH^l  (16b) 

dC 


-  -  -k  [SiH  ]  N  (16c) 

,  X  e 

dt 


where  I  Is  the  discharge  current,  C  Is  a  constant,  and  k  Is  the 
attachment  rate  coefficient.  Equations  (I6a)  and  (I6b)  describe  the 
dissociation  process,  and  (l6c)  describes  the  attachment  of  electrons  by 
the  dissociation  product.  In  using  Equation  (16),  It  Is  assumed  that 
these  processes  are  fast  compared  to  the  flow  of  gases  In  the  system. 
Experimentally,  this  means  that  the  pulse  repetition  rate  has  been 


*  *j» 


slowed  sufficiently  to  ensure  that  there  is  a  fresh  fill  of  gas  every 
tile  the  hollow  cathode  is  pulsed.  The  solution  to  Equation  (I6a)  is 


[SIH4]  e 


-CIt 


a7) 


Substituting  (17)  into  Equation  (I6b}  gives 


d(SiH  ] 

- —  -  Cl  [SiH. ]  e 

.  4  o 

dt 


>CIt 


as) 


so  that 


[SiH^]  -  Cl 


/  dt 


a9) 


where  t^  is  the  duration  of  the  current  pulse,  leading  to  a  value  for 
the  attaching  species  density  of 


[SiH^]  -  Cl  (1  - 


(20) 


The  solution  to  Equation  (I6c)  is 


N 

e 


jij 

e,o 


(21) 


Thus,  the  time  constant  for  the  electron  density  decay  due  to  attachment 
nay  be  written 


which  expresses  the  tlae  constant  in  teras  of  the  external  discharge 
paraaeters.  A  coaparison  of  this  theoretical  expression  with 
experiaental  results  is  shown  in  Fig.  24.  The  data  points  were  obtained 
using  the  aethod  outlined  previously,  and  the  solid  lines  were  obtained 
by  using  a  least  squares  fit  to  the  0.5%  silane  data  in  order  to  obtain 
a  value  for  Cl,  and  then  generating  the  curves  for  the  other  three 
silane  percentages  using  Equation  (22).  The  agreeaent  between  the 
theoretical  and  experiaental  values  in  Fig.  24  is  excellent,  further 
confiraing  that  dissociative  attachaent  to  a  product  specie  of  the 
silane  dissociation  is  the  predoalnant  electron  loss  process  in  silane 
discharges.  The  0.25%  experiaental  results  are  slightly  higher  than  the 
theory  predicts,  which  is  attributed  to  the  fact  that  at  such  a  low 
percentage  silane,  the  losses  due  to  diffusion  start  to  becoae 
coaperable  to  those  for  attachaent,  thus  lowering  the  tlae  constant  ' 
below  the  expected  value. 

Using  the  data  froa  Fig.  24,  it  is  possible  to  estiaate  the  rate 
coefficient  (k)  for  the  dissociative  attachaent  process  in  this  plasaa. 
The  density  of  the  SiH^  parent  aolecule  is  known  froa  the  pressure  and 
the  percent  silane  in  the  gas  alxture.  Using  Equation  (22)  for  large 
values  of  t^,  k  is  deterained  by  dividing  the  reciprocal  tlae  constant 
by  the  silane  density.  Using  the  large  pulse  width  values  of  1/  t  froa 
Fig.  24,  we  estiaate  a  rate  coefficient  for  this  process  of 
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Fig.  24  Variation  of  electron  density  decay  time  on  pulse  width  and 
percentage  silane  for  very  low  silane  densities. 
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2.65 -0> 19  x10~^^  ca^/sec.  The  assuaptlon  that  all  the  Input  silane  Is 
dissociated  Into  an  attaching  specie,  which  Is  Implicit  In  Equations 
(I6a}  an  (I6b},  Is  only  an  approx laatlon,  so  the  density  of  attaching 
species  Is  likely  to  be  soeewhat  saaller  than  the  Input  silane  density. 
Thus,  the  estlaate  obtained  la  a  lower  bound  on  the  real  value  of  k. 
However,  since  the  mass  spectroaetrlc  aeasureaents  show  an  equal  aaount 
of  SIH2  and  SIH^  and  very  little  SIH,  this  value  for  k  Is  probably  off 
by  no  aore  than  a  factor  of  2. 


VI.  SUMMARY  AND  CONCLUSIONS 


The  work  described  In  the  previous  chapters  was  undertaken  to 
measure  the  electron  density  In  sllane/hellua  plassas,  and  froa  these 
■easuraents  to  Identify  laportant  kinetic  processes  and  reaction 
pathways  In  the  silane  discharge.  The  aajor  results  of  these 
aeasureaents  can  be  suaaarlzed  as  follows:  the  electron  density  In 
sllane/hellua  discharges  decreases  draaatically  when  silane  Is  added  to 
hellua;  the  larger  the  silane  percentage,  the  larger  the  decrease  In  the 
electron  density.  Since  silane  and  aany  of  Its  dissociation  products  are 
electronegative,  this  phenoaenon  can  be  readily  accounted  for  by  a 
process  of  dissociative  attachaent  of  electrons.  Studies  using  a  pulsed 
discharge  show  that  silane  Itself  Is  not  the  doalnant  specie  responsible 
for  the  attachaent,  but  rather  the  attachaent  Is  through  soae  product  of 
the  dissociation  of  silane.  Molecular  hydrogen  Is  also  ruled  out  by 
slallar  pulsed  studies,  and  SIH  Is  an  unlikely  candidate  due  to  Its 
relatively  low  density  In  the  discharge.  This  suggests  that  the 
dissociative  attachaent  process  Is  to  SIH2,  SIH^,  or  both,  and  Is 
described  by 


e  +  SiH 


SiH  1  +  H 
x-I 


where  x  Is  either  2  or  3<  The  rate  coefficient  for  this  process  was 
aeasured  to  be  2.65  x  10”^®  ca^/sec. 

These  results  have  very  laportant  lapllcatlons  for  the 


understanding  and  aodellng  of  silane  discharges  and  the  deposition 
process.  A  decrease  In  electron  density  fundaaentally  changes  the  plasea 
envlroneent  by  lowering  the  plasea  potential,  changing  the  electron 
energy  distribution,  and  thus  altering  reaction  pathways.  The  rate 
coefficient  deteralned  In  this  study  for  the  dissociative  attachaent 
process  Is  a  significant  fraction  of  the  value  derived  froa  the 
literature  for  the  rate  coefficient  for  electron  lapact  dissociation  of 
silane  ('V'10~^  ca^/sec).^^  Thus,  the  attachaent  process  described  by 
Equation  (23)  Is  In  direct  coapetltlon  with  the  dissociation  of  silane, 
which  provides  the  raw  aaterlal  for  aaorphous  silicon  flla  growth. 
Clearly,  the  loss  of  electrons  due  to  this  process  has  a  significant 
effect  on  the  properties  of  the  discharge  plasaa  and  the  fllas  grown  In 
discharge  systeas,  and  should  be  Included  In  coaprehenslve  aodels  of  the 
silane  glow  discharge.  Horeover,  the  fact  that  relatively  large 
densities  of  negative  Ions  are  being  foraed  In  the  plasaa  alght  have 
soae  bearing  on  the  differences  between  fllas  g(rown  on  the  cathode  and 
the  anode,  and  also  on  the  possibilities  of  reactions  between  negative 
Ions  and  neutrals  In  the  discharge,  both  of  which  have  only  been 
speculated  upon  In  the  literature. 

The  work  reported  here  has  shown  that  dissociative  attachaent  Is  a 
very  laportant  process  In  silane  discharges,  one  that  has  been  virtually 
Ignored  In  aodels  of  silane  plasaas.  The  Inclusion  of  this  process 
should  lead  to  sore  realistic  (and  one  hopes,  nore  useful)  aodels  of  the 
deposition  of  aaorphous  silicon  froa  glow  discharges. 
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Measurements  of  the  electron  density  in  dc  and  pulsed  silane/helium  discharges  show  that  the 
addition  of  silane  to  the  gas  mixture  causes  a  large  reduction  in  the  electron  density.  By 
monitoring  the  electron  decay  time  in  the  afterglow,  it  is  found  that  the  dominant  electron  loss 
mechanism  in  silane/helium  is  not  ambipolar  diffusion  to  the  walls,  but  instead  is  a  volumetric 
loss  process,  most  likely  dissociative  attachment  of  electrons  to  a  product  of  the  silane 
dissociation.  A  lower  bound  for  the  rate  ci>efficient  for  this  loss  process  has  been  determined  to  be 
2.()5v  10  '"cmVsei-. 


I.  INTRODUCTION 

The  use  of  glow  discharges  for  the  deposition  of  amor¬ 
phous  silicon  has  spurred  many  studies  of  deposition  plas¬ 
mas,  including  studies  of  the  positive  ionic  species.  How¬ 
ever,  negative  ions  in  silane  plasmas  have  been  largely 
ignored.  This  is  a  significant  omission  since  the  formation  of 
negative  ions  can  greatly  affect  the  plasma  kinetics  by  reduc¬ 
ing  the  electron  density,  lowering  the  plasma  potential,  and 
by  altering  reaction  pathways.  In  silane  deposition  plasmas, 
there  are  several  possible  negative  ion  formation  paths,  and 
these  processes  should  be  accounted  for  in  any  complete 
model  of  the  deposition  of  amorphous  silicon.  In  this  paper, 
we  describe  experiments  using  microwave  diagnostic  tech¬ 
niques  to  measure  the  electron  density  and  the  decay  rate  of 
the  electron  density  in  silane/lielium  discharges  to  deter¬ 
mine  what  negative  ion  formation  proccsss-s  arc  taking  place, 
and  to  determine  the  rate  coefficients  for  these  processes. 

II.  EXPERIMENTAL  APPARATUS 

The  experimental  apparatus  used  in  this  study  is  shown 
schematically  in  Fig.  1 .  The  electron  density  was  measured 
in  a  discharge  in  a  hollow  cathode  that  also  serves  as  a  micro- 
wave  cavity.  Tbe  hollow  cathode  configuration  was  chosen 
both  to  facilitate  the  microwave  measurements  and  because 
the  hollow  cathode  discharge  is  sustained  in  a  manner  some¬ 
what  similar  to  the  rf  discharge."  Thus,  the  results  obtained 
here  should  be  equally  applicable  to  rf  deposition  systems. 
The  hollow  cathode/cavity  is  a  9.8  cm  inner  diameter  stain¬ 
less  steel  cylinder,  17.5  cm  long,  with  two  stainless  steel  end 
plates,  each  with  a  2.5  cm  centered  hole  to  allow  gas  flow. 
Loop  antennae  are  used  to  excite  the  cavity,  to  detect  the 
microwaves  in  the  cavity,  and  also  serve  as  grounded  anodes. 

Two  cavity  modes  were  used  in  making  these  measure¬ 
ments:  the  TE|  1 1  mode  with  a  resonance  at  1 .955  GHz  and 
theTEji,  mode  at  4. 071  GHz.  The  cavity  0  was  measured  to 
be  980  and  580  for  the  1 1 1  and  3 1 1  modes,  respectively  The 
TE,,,  and  TE,,,  modes  have  very  different  field  configura¬ 
tions,  shown  in  Fig.  2.  The  TE, , ,  mode  emphasizes  the  cen¬ 
tral  core  of  the  electron  density  distribution,  whereas  the 
TE,,,  mode  emphasizes  the  electron  density  closer  to  the 
wall.  Hence,  measurements  using  both  modes  are  comple¬ 


mentary  and  allow  an  inference  of  the  spatial  distribution  of 
the  electron  density.  For  the  measurements  reported  here, 
the  current  densities  ranged  from  40  to  200^  A/cm^,  with  dc 
and  pulsed  voltages  of  between  500  and  1000  V  (depending 
on  the  composition  and  the  pressure  of  the  gas)  applied  to  the 
hollow  cathode. 

The  electron  density  is  determined  by  measuring  the 
shift  in  resonant  frequency  of  the  cavity  due  to  the  interac¬ 
tion  of  the  microwave  electric  field  with  the  free  electrons  in 
the  plasma.  Using  a  simple  perturbation  theory^  the  electron 
density  is  found  to  be  directly  proportional  to  the  shift  in 
resonant  frequency  and  is  given  by 

^  ^  2mco(2n/o)-  Af  ^ 

^  fi) 

where  N,  is  the  spatially  avciagetl  election  ilensily,/,,  is  the 
resonant  frequency  of  the  cavity,  and  d/is  the  resonant  fre¬ 
quency  shift.  Due  to  the  nonuniformity  of  the  electron  den¬ 
sity  N, ,  the  average  electron  density  is  obtained  by  weighting 
N,  by  the  electric  field 
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FIG.  2.  Sum  of  the  radial  and  circumferential  electric  field  components  for 
the  TE, , ,  and  TE,, ,  modes. 


N,Eldy 

N,.  - - .  (2) 

J  Ei^dV 

We  assume  a  radial  distribution  given  by 

A",  =Ar„(l -(r//jn.  (3) 

where  is  the  electron  density  at  the  central  axis  of  the 
cavity  and  R  is  the  radius  of  the  cavity.  (For  this  distribution 
the  electron  density  is  highest  at  the  center  and  decreases  to 
zero  as  r  approaches  A.)  It  is  also  assumed  that  the  variation 
of  the  electron  density  in  the  z  direction  can  be  ignored  since 
the  cavity  is  long  compared  to  the  sheath  thicknesses  at  the 
end  plates.  Using  Eqs.  (1H3)  and  the  resonant  frequency 
shift  measurements  for  the  two  modes,  a  computer  was  used 
to  determine  the  values  for  N„  and  m,  and  hence  the  spatial 
distribution  for  all  discharge  condition .. 

III.  dc  MEASUREMENTS 

The  resonant  frequency  shift  us  u  function  of  discharge 
currcnl  for  a  typical  discharge  is  shown  in  I'ig.  3.  This  is  the 


riG  y  Kc^^nanl  frequency  shift  of  thr  niicrowavc  cavity  as  a  funetton  of 
discharge  current  for  rE,,|  and  TL,,,  mode's 

raw  data  that  is  fed  into  the  computer  to  determine  Ng  and 
m.  The  result  of  that  computation  is  shown  in  Fig.  4  for  pure 
helium  and  various  silane  percentages.  As  expected,  the  elec¬ 
tron  density  increases  with  increasing  current.  However,  the 
electron  density  decreases  very  rapidly  as  silane  is  added  to 
the  discharge,  being  reduced  by  nearly  an  order  of  magni- 
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FIG.  5  Radial  electron  density  distribution  for  silane/helium  mistures. 


tude  for  as  little  as  2%  silane.  This  indicates  that  the  addition 
of  silane  greatly  accelerates  the  loss  of  electrons  in  the  dis¬ 
charge. 

The  nature  of  this  increased  loss  mechanism  can  be  de¬ 
duced  from  Fig.  S,  which  is  the  spatial  variation  of  the  elec¬ 
tron  density  as  a  function  of  silane  percentage  obtained  from 
Eq.  (3)  As  silane  is  added  to  the  discharge,  the  overall  elec¬ 
tron  density  goes  down  as  shown  before  in  Fig.  4.  In  addi¬ 
tion,  as  the  silane  percentage  increases,  the  profile  becomes 
more  uniform  with  r.  In  terms  of  the  raw  data  (e.g.,  Fig.3), 
this  is  indicated  by  a  decrease  in  the  frequency  shift  for  both 
modes  (reduced  electron  density)  and  a  proportionately  larg¬ 
er  decrease  for  the  TE, , ,  mode,  indicating  that  the  reduction 
in  axial  electron  density  is  larger  than  for  that  near  the  wall, 
hence  the  more  uniform  profile.  This  flattening  is  indicative 
of  an  increased  volumetric  loss  process  caused  by  the  addi¬ 
tion  of  silane.  At  these  pressures,  volumetric  recombination 
is  not  likely  to  be  a  significant  electron  loss  process,  so  we 
attribute  the  increa.sed  electron  losses  to  dissociative  attach¬ 
ment  to  silane  or  one  of  its  dissociation  products.  To  deter¬ 
mine  the  rale  coefficient  for  this  proces.s,  thedc  power  supply 
was  replaced  by  a  pulsed  supply,  and  the  electron  loss  rate 
measured. 


IV.  PULSED  MEASUREMENTS 


The  electron  loss  rate  was  determined  by  pulsing  the 
hollow  cathode  to  create  a  plasma,  and  measuring  the  reso¬ 
nant  frequency  shift  as  a  function  of  time  in  the  afterglow. 
Figure  6  is  a  plot  of  the  time  dependence  of  electron  density 
for  pure  helium  and  for  a  5%  SiH4/He  mixture,  both  at  300 
mT.  The  time  constant  for  the  decay  in  pure  helium  is  on  the 
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FIG.  6.  Time  dependence  of  electron  density  in  the  afterglow  for  300  mT  of 
100%  He  |a|  and  S%  silane  in  helium  at  300  mT  (b). 


order  of  hundreds  of  microseconds,  characteristic  of  elec¬ 
tron  loss  by  ambipolar  diffusion  to  the  walls.  When  silane  is 
added  to  the  gas  mixture,  even  in  small  amounts,  there  is  a 
very  noticeable  increase  in  the  rate  of  electron  density  decay. 
In  Fig.  6,  the  decrease  in  decay  time  constant  is  over  an  order 
of  magnitude  for  a  S%  silane  in  helium  mixture.  This  indi¬ 
cates  that  the  addition  of  silane  increases  electron  losses  in 
the  plasma;  the  major  loss  process  is  no  longer  diffusion  to 
the  walls,  but  is  instead  a  volumetric  loss  process.  Given  the 
electronegative  nature  of  silane  and  silane  radicals,  this  volu¬ 
metric  loss  is  most  likely  due  to  negative  ion  formation  by 
dissociative  attachment. 

The  dependence  of  the  electron  decay  time  constant  on 
the  pulse  width  of  the  excitation  is  shown  in  Fig.  7,  a  plot  of 
the  electron  decay  time  constant  versus  pulse  width  for  300 
mT  of  a  5%  SiH4/He  mixture.  An  increase  in  the  pulse 
width  applied  to  the  discharge  causes  a  decrease  in  the  decay 


FIG  7  Variation  of  the  inverse  time  constant  with  pulse  width  for  5% 
silane  in  helium 
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time  constant.  Similar  behavior  is  observed  when  the  current 
in  the  pulse  is  increased  while  holding  the  pulse  width  con¬ 
stant:  the  decay  time  decreases  with  increasing  current.  The 
cflect  of  increasing  pulse  width  and  pulse  current  is  to  in¬ 
crease  the  dissociation  of  the  parent  SiH4  molecules,  thus 
reducing  the  SiH4  molecule  density  in  the  plasma.  Since  the 
decay  constant  increases  as  the  dissociation  of  SiHj  in¬ 
creases,  we  conclude  that  the  electron  attachment  is  due  pri¬ 
marily  to  some  product  specie  of  the  dissociation  of  SiH4 
iSiH,  or  H2),  and  that  attachment  to  SiH4  is  not  significant 
in  these  experiments. 

A  quadrupole  mass  spectrometer  was  used  to  determine 
the  relative  concentration  of  the  various  dissociation  pro¬ 
ducts  of  silane.  Distinct  peaks  were  observed  for  H,  Hj,  SiH, 
SiHj,  and  SiH,.  The  height  of  the  peak  corresponding  to 
molecular  hydrogen  indicated  that  is  a  major  dissociation 
product  of  silane  in  this  discharge,  so  experiments  were  per¬ 
formed  to  determine  whether  dissociative  attachment  to  H, 
is  a  factor  in  the  large  electron  loss  in  silane  discharges.  The 
silane/helium  mixture  used  previously  was  replaced  by  mo¬ 
lecular  hydrogen  diluted  in  helium.  The  result  of  measure¬ 
ments  of  the  reciprocal  time  constant  versus  percent  Hj 
show  that  as  Hj  is  added  to  helium,  the  time  constant  for 
electron  decay  increases,  which  is  readily  accounted  for  by 
the  lower  diffusion  constant  of  H  ^  in  helium  compared  to 
He  ‘  .*  Similar  experiments  were  performed  by  adding  Hj  to 
the  5%  SiH4/He  mixture,  with  the  result  that  again  the  time 
constant  for  electron  loss  increased  This  indicates  very 
clearly  that  dissociative  attachment  to  Hj  produced  from  the 
dissociation  of  SiH4  is  not  a  significant  process  in  silane  dis¬ 
charges.  The  mass  spectroscopic  measurements  also  showed 
that  the  peak  corresponding  to  SiH  was  very  small,  but  those 
for  SiH;  and  SiH,  were  roughly  equal  in  height,  and  over  an 
order  of  magnitude  higher  than  that  for  SiH.  From  this  we 
conclude  that  the  primary  dissociative  attachment  process  is 
to  SiHj,  SiH,,  or  possibly  both. 

These  measurements  make  possible  an  estimate  of  the 
rate  coefficient  for  the  dissociative  attachment  process  in 
this  plasma.  Assuming  that  the  attachment  process  is  fast 
compared  to  diffusion,  and  that  recombination  of  electrons 
and  positive  ions  is  negligible  at  these  pressures,  the  decay 
process  can  be  described  by 

dN./dl=  -k\SiH,\N„  (4) 

where  k  is  the  rate  coefficient  for  the  process  and  [SiH,]  is 
the  density  of  the  attaching  specie  (SiH;  or  SiH,  j,  which  gives 
a  time  constant  for  the  process  of 

r  =  1//1:  [SiH.  ].  (5) 

Increasing  the  pulse  width  increases  the  dissociation  of  the 
parent  SiH4  molecule  into  SiHj,  SiHj,  and  other  dissociation 
products  As  the  pulse  width  is  increased  to  large  values, 
nearly  all  of  the  parent  SiH4  molecules  become  dissociated, 
and  the  electron  decay  time  constant  no  longer  decreases 
since  an  increase  in  pulse  width  does  not  create  any  more  of 
the  attaching  specie.  Figure  8  shows  results  of  measurements 
similar  to  those  of  Fig.  7  except  that  the  percentage  silane  in 
helium  has  been  reduced  to  one  percent  or  less.  As  the  pulse 
width  is  increased  (with  the  current  and  voltage  held  con¬ 
stant),  the  inverse  decay  time  constant  initially  increases,  but 
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FiG  8.  Inverse  time  constant  as  a  function  of  pulse  width  and  percent  silane 
in  helium  for  small  silane  percentages 


then  levels  off  and  remains  constant  as  the  pulse  width  be¬ 
comes  large  enough  to  dissociate  most  of  the  parent  SiH, 
molecules.  The  1/t  for  0.25%  silane  is  slightly  higher  than 
expected,  which  is  attributed  to  the  fact  that  at  this  low  per¬ 
centage,  the  decay  rate  of  the  electron  density  due  to  attach¬ 
ment  becomes  comparable  to  that  for  diffusion  to  the  walls, 
so  both  processes  contribute  to  the  measured  decay.  When 
the  pulse  width  is  large  enough  to  dissociate  all  of  the  silane, 
it  is  possible  to  obtain  an  estimate  for  k.  The  density  of  the 
SiH4  parent  molecule  is  known  from  the  pressure  and  the 
percent  silane  in  the  gas  mixture.  Using  the  assumption  that 
for  large  pulse  widths,  all  of  the  parent  silane  molecules  are 
dissociated  in  the  discharge  into  an  attaching  specie  (so 
[SiH,  ]  equals  the  input  silane  density),  k  can  be  determined 
by  dividing  the  reciprocal  time  constant  by  the  silane  den¬ 
sity.  Using  the  large  pulse  width  values  of  1  /r  from  Fig.  8,  we 
estimate  a  rate  coefficient  for  this  process  of 
2.65  ±  0. 19  X  10  cm  Vsec.  Since  the  density  of  attaching 
species  is  likely  to  be  somewhat  smaller  than  the  input  silane 
density,  the  estimate  obtained  is  a  lower  bound  on  the  real 
value  of  k. 

V.  CONCLUSION 

In  conclusion,  a  pulsed  hollow  cathode  discharge  has 
been  used  to  investigate  the  time  dependence  of  the  electron 
density  in  SiH4/He  deposition  plasmas.  Addition  of  silane 
greatly  decreases  the  electron  decay  time  constant  due  to 
volumetric  attachment  of  electrons.  Varying  the  pulse  width 
and  current  show  that  the  attachment  is  due  mainly  to  a 
product  of  the  dissociation  of  silane,  and  is  not  due  to  SiH4 
itself.  Further  mca.surements  show  that  II,  is  not  the  major 
attaching  specie.  Thus,  we  conclude  that  attachment  is  an 
extremely  important  process  in  silane  discharges,  and  most 
likely  proceeds  through  the  silane  dissociation  products 
SiH;  and  SiH,. 
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The  Spatial  and  Temporal  Evolution  of  the  Glow  in 

an  RF  Discharge 
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Aburaci—Tht  temporal  and  spatial  evolution  of  the  glow  in  a  1.0- 
and  2.0-MIU  radio-frequencs  (Rl*')  eacited  discharge  has  been  photo- 
grapbed  with  a  high-speed  framing  camera.  Kvidence  is  presented 
showing  electrons  with  a  ballistic  behavior  in  the  bod>  of  the  glow  and 
a  time  delav  between  the  maximum  optical  intensity  of  the  glow  and 
the  maximum  RF  voltage.  The  effect  of  the  dc  self-bias  on  the  glow  is 
also  shown.  The  implications  of  these  observations  on  the  dynamics  of 
the  ion  motion  in  the  plasma  are  discussed. 

1  InTRODIK  I  ION 

ADIO  ^•RF;yl!FN('Y  (RF)  plasma  etching  and  de¬ 
position  ol  semiconductor  materials  has  found  in¬ 
creasing  use  in  industry  (IJ,  12|  However,  the  ha.sic  dy¬ 
namics  of  the  RF  plasma  are  not  completely  understood. 
Thus  in  recent  years  there  has  been  increasing  interest  in 
studying  the  fundamental  dynamics  of  the  RF  plasma  in 
etching,  deposition,  and  noble  gases 

Farly  studies  of  the  RF  plasma  have  examined  the  for¬ 
mation  and  characteristics  of  the  sheaths  (.^|,  the  energy 
distribution  of  the  ions  striking  the  cathode  [41.  and  the 
plasma  potential  (.Sj,  |6|  in  helium,  neon,  and  argon  More 
recent  studies  have  focused  on  the  temporal  and  spatial 
esolution  of  (he  plasma  Several  techniques  such  as  Lang¬ 
muir  probc-s  to  obserse  electron  properties  |7|,  (SJ.  optical 
emission  actinometry  to  estimate  relative  radical  concen¬ 
trations  |f)|  jl  Ij.  time  resolved  I, IF  to  observe  ion  con¬ 
centrations  and  motion  |12|,  and  field-induced  state  mix¬ 
ing  to  measure  electric  helds  and  potentials  |l.''l  have 
proven  useful  All  ol  these  studies  have  helped  to  increase 
the  undersi.indmg  of  RF  plasmas  .ind  to  develop  useful 
moilcis  I  I  |.  |4|  |fi|.  114] 

rhus  III  order  to  uiideislanvl  the  ilyii.imivs  of  the  Kl- 
ilisch.irge.  It  Is  iiiqson.ml  to  observe  both  the  temporal  and 
spatial  evolution  ol  the  plasma  Fo  achieve  this,  we  have 
used  a  tr.iming  eamera  to  photograph  the  evolution  of  a 
helium  pl.ism.i  Fhe  use  of  (he  framing  v.imera  allows  one 
to  observe  the  eflecl  of  bias,  power  and  pressure  on  the 
ilevelopmeni  of  the  entire  plasma  In  order  to  isolate  a 
single  spectral  line,  an  interference  hiter  was  used  for 
some  photographs  to  observe  the  .S87V  A  (.^  'O  -  2  'P) 
line  of  helium  The  lifetime  of  this  state.  14  ns  [151,  is 

M  JOHN  I  ip<  rcc  F’ I  veil  June  ?  K  I 'JHS  rc^  isct.5  'Xu||{uvi  Th  I'iKS  This  wurk 
wrfs  supp<»rirt1  hv  ihc  Arn»v  Resrarth  Otticc  fjnticr  (Onlract  0AA(i  20  8' 
K  0|f)K  jncJ  ihr  Acrii  Hn»pulsM>n  1  abor.il<>r>  I'SAf  under  (’oniratt 
f  ^  H  ^  K  .MU 

I  hi  .tijihtirs  .»rr  ih<  I>cp.fni?»cnJ  -d  \  lccifiv.il  .<nd  (  ompulrr  |  ngi 
nci'finj;  I  fti'.i-fsHy  .d  Illinois  at  I'f+fjna  f  hanipai^jn  I'rbana  !1  hiKOI 
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relatively  short  compared  to  the  RF  period  (4(K)  ns  and 
I  /js).  By  using  the  framing  camera,  we  have  observed 
evidence  of  electrons  with  a  ballistic  behavior  in  the  body 
of  the  glow  and  a  time  delay  between  maximum  light  from 
the  glow  and  the  maximum  RF  voltage. 

II.  Expf.rimkntal  Apparatus 

The  parallel-plate  RF  circuit  and  the  camera  system  are 
shown  in  Fig.  1  The  RF  system  consists  of  a  parallel 
plate  discharge  tube,  matching  network,  and  power  sup 
ply.  Two  matching  networks  are  available  at  I  0  and  2  6 
MH^.  The  aluminum  electrodes  are  10  cm  in  diameter  and 
^  cm  thick  and  are  mounted  in  a  Pyrex  tube.  Electrode 
separation  is  7  8  cm.  The  rear  side  of  the  driven  electrode 
is  separated  from  a  ground  plane  by  a  1  .^-mm-thick  Tef 
Ion  sheet  to  confine  the  discharge  to  only  one  side  of  the 
driven  elcclrtnlc  Helium  flows  through  the  system  at 
pressures  of  .'^00  mT  to  I  T 

The  applied  RF  voltage  is  monitored  by  a  calibrated 
capacitance  voltage  divider  and  the  current  is  monitored 
with  a  Tektronix  current  probe.  Voltage  and  current  wave 
forms  (Fig  2)  arc  digitized  and  multiplied  by  a  computer 
to  obtain  the  instantaneous  piower  The  power  becomes 
negative  during  portions  ol  the  RF  cycle  since  the  dis 
charge  is  reactive  The  power  peaks  at  Ihc  same  lime  that 
the  current  reaches  a  maximum  However,  the  voltage 
peaks  after  the  current  and  the  maximum  light  output 
peaks  after  the  voltage  peak  (sec  Figs  .S-7)  These  points 
will  be  discussed  in  detail  later  The  dc  self  bias  is  mea 
cured  through  .i  2(8)  mH  choke  to  filler  the  RF  compo 
neiiis  of  the  voltage  Bias  voltages  are  generally  in  the 
range  ol  0  to  120  V  with  short  circuit  currents  ol  0  9 
iiiA  Operating  power  levels  are  2  20  W  into  the  plasma 

The  high  speed  camera  consists  of  a  standard  camera 
lens  (SO  Him,  (2).  a  gated  image  miensifier  tube,  anil  a 
conventional  oscilloscope  camera  to  colled  and  leiord  the 
image  When  used,  the  S875  A  interference  hitcr  is 
mounted  in  front  of  the  lens  To  synchronize  the  camera 
to  the  RF  peruKi,  the  RF  signal  from  the  capacitance  volt 
age  divider  is  divided  digitally  to  approximately  4(8)  Hz 
Ihis  signal  triggers  a  digital  delay  generalt'r,  which  is 
used  to  vary  the  position  of  the  trigger  of  the  high-voltage 
pulser  over  the  RF  cycle  The  high  voltage  pulses  have  a 
2S  ns  width  and  an  8(8)  V  amplitude  with  less  than  10  ns 
of  litter  Since  the  voltage  across  the  microchannel  plate 
dctcrniiiH  v  the  g.im  ot  the  lube,  the  voltage  pulse  i  reales 
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I  1^’  I  SthcnuiK  tlid^rMin  ihc  cMiiu'tj  sysicin  jml  the  Kl  dis 

charge  «.  in  uit  The  camera  in  80  cm  fniin  the  plasma  Component  values 
arc  L  ^28  ('  =  200  pH  for  2  6  MHz  operation,  and  L  =  400 

r  -  700  pH  (or  1  0  MHz 
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Hig  2  Typical  waveforms  for  the  discharge  circuit  la)  voltage  th)  lur 
rent  and  '  {>.>wei  The  operating  conditions  vserr  Mn»  ml  ot  helium 
V  d<  \olf  hias  and  M)  W  into  the  piasni.i 


a  very  fast  shutter,  as  well  as  amplifying  the  available 
light.  By  observing  both  the  RF  discharge  voltage  and  the 
high-voltage  pulse  applied  to  the  image  tube,  the  p<inion 
of  the  RF  cycle  that  is  being  photographed  can  be  deter  j 

mined  and  adjusted  with  the  delay  generator  The  images  I 

are  recorded  on  400  A.SA  Tri-X  The  negatives  are  ana- 
ly/.cd  with  a  mierodensilomeier  to  ilelermiiie  the  optie,il 
density  through  the  middle  ol  the  ilisc li,iigi- 

III.  RlSni  IS  AND  I)|S(  I  SSIIIN 

Two  representative  framing  photographs  of  the  RF 
plasma  are  shown  in  Fig.  "S.  The  T  above  one  ol  the  elec¬ 
trodes  marks  the  driven  electrode,  while  the  unmarked 
electrode  is  grounded.  The  clectrixic  locations  are  marked 
by  the  while  bands.  In  Fig.  3(a),  Ihc  driven  electrode  is 
the  cathode.  Note  the  well-defined  calhodc-shealh  region 
and  the  way  the  lighi  intensity  iecreases  towards  the  an¬ 
ode.  The  discharge  does  not  fill  the  entire  volume  be¬ 
tween  the  electrodes,  but  instead  tends  to  form  a  truncated 
cone  with  the  base  at  the  cathode.  In  Fig.  3(b),  the  un 
marked  plate  is  now  the  cathode  and  the  marked  plate  is 
the  anode.  Again,  the  glow  has  a  well-defined  sheath  with 
the  light  intensity  decreasing  towards  the  anode  in  a  trun¬ 
cated  cone.  This  general  shape  was  common  to  all  the 
photographs. 

The  cone  sha|x.’  h.is  several  possible  origins  The  liiM 
IS  that  the  discharge  volume  is  circular.  The  second  is  that 
the  ion  spatial  distribution  is  nonuniform  due  to  diffusion. 

As  a  result,  the  elccin>ns  produced  by  ion  bombardment 
of  the  cathode  should  hav  e  a  distribution  that  peaks  in  the 
center  of  the  discharge  and  decreases  radially  Further 
more,  the  field  due  to  the  wall  sheaths  tends  to  deflect  the 
electrons  towards  the  center  of  the  glow  Due  lo  the  dif 
ficulty  in  isolating  all  the  possible  causes,  no  aiiempt  was 
made  in  this  study  to  identify  the  dominant  mechanism 

The  shape  of  the  glow  m  Fig.  3  appears  to  be  similar 
lo  the  shape  of  the  negative  glow  in  a  parallel-plate  dc 
discharge.  It  has  been  hyptiihesi/ed  that  the  RF'  discharge 
IS  similar  to  a  hollow  calhcxle  discharge  wiih  alternating 
cathode  dark  spaces  and  a  common  negative  glow  1 1 1  If 
this  is  the  case,  then  the  electrons  from  ihc  cathode  will 
have  a  ballistic  component  An  obieci  placed  m  the  elec 
Iron  beam  should  cast  a  shadow  since  the  electrons  that 
arc  accelerated  from  the  cathode  arc  inicreepled  by  the 
object  and  arc  removed  from  the  downsiream  discharge 
process  The  eleclrons  below  the  ob|eci,  which  arc  leli 
from  the  previous  hall  cycle,  experience  insutlicieni  held 
to  accelerate  anil  produce  a  glow  (  onseqiii  iilly  .  the  re 
gion  downsiream  from  the  obsiaele  will  be  relaiively  dark 
Those  cleelmns  that  do  not  strike  the  oh|eci  should  eon 
linuc  relatively  straight  towards  ihe  anode  and  not  be  af 
fected  by  the  obstruction  Thus  the  glow  from  the  cathode 
lo  the  ohjeel  will  be  sm'ilar  lo  the  glow  without  the  oh 
|ccl  Fliiwcver,  there  should  be  an  abrupt  ilecrease  in  op 
lical  emission  below  the  object  creating  a  shadow  efleci 

To  test  the  theory  that  the  excitation  results  from  ihos  ■ 
electrons  that  have  a  ballistic  com(v)nciu,  .1  miart/  slide 
(2  ^  X  8  X  1  mm)  resting  on  three  sm.ill  qn.ni/  legs  w,is 
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lo  u  shrill  tlcliKUMng  anij  the  rcsolulion  of  itic  microden- 
sitomelcr,  ihc  driven  electrode  edge  is  located  at  .r  = 
2.5  mni  while  the  grounded  electrode  is  at  .r  =  43.5  mm. 
The  fast  slope  down  from  the  reference  bands  provides  a 
measure  of  the  microdensitometer  spatial  resolution.  To 
allow  a  comparison  between  the  applied  voltage  and  the 
light  intensity,  the  Rl-  voltage  applied  lo  the  driven  elcc- 
iriHle  IS  shoMii  III  big  5(b) 

One  can  observe  in  big.  5  that  the  light  peaks  alter  the 
voltage  ma.ximum  In  addition,  the  glow  continues  to  grow 
over  the  entire  cathode  cycle  of  Ihc  electrode.  The  growth 
of  the  glow  and  the  relative  delay  between  the  maximum 
voltage  and  light  can  be  attributed  to  the  transit  time  of 
ions  across  the  sheath  and  the  presence  of  relatively  long 
lifetime  states  in  the  following  way  At  low  potentials, 
the  electrons  produced  by  ion  bombardment  of  the  cath- 
txle  will  have  relatively  low  energy.  Consequently,  they 
will  make  only  a  few  ionizing  and  exciting  collisions  be¬ 
fore  their  energy  is  reduced  to  a  low  value.  Since  the  elec¬ 
trons  are  unable  lo  penetrate  very  far  into  the  gas.  the 
glow  will  initially  be  relatively  close  lo  the  cathode  As 
the  pKiiential  increases,  the  energy  and  number  of  elec¬ 
trons  will  increase.  As  a  result,  the  electrons  will  piene- 
tratc  farther  into  the  gas  and  the  peak  of  Ihc  glow  will 
move  away  from  the  cathode.  The  movement  of  the  glow 
peak  away  from  the  cathode  is  observed  in  Fig  5(a)  be¬ 
tween  the  times  of  100  ns  <  /  <  140  ns  and  260  ns  <  f 
<  3(K)  ns  The  diflerent  starting  times  for  the  growth  of 
the  glow  are  due  to  the  effect  of  the  dc  self-bias  When 
the  voltage  waveform  in  Fig  5(b)  is  offset  by  the  bias 
voltage,  the  growth  of  the  glow  begins  at  approximately 
the  same  lime  after  a  zero-voltage  crossing  At  .still  higher 
potentials,  the  energy  and  number  of  the  electrons  cross¬ 
ing  the  sheath  continues  to  increase  The  electrons  now 
have  sutheieni  energy  to  cause  ionization  and  excitation 
in  the  .heath  and  the  maximum  in  light  intensity  begins 
to  move  towards  Ihc  cathode,  as  shown  in  Fig.  5(a).  At 
the  maximum  cathode  potential,  large  numbers  of  ions  are 
created  which  lake  lime  lo  drift  across  Ihc  sheath  Thus 
ihc  maximum  in  lighl.  which  is  Ihc  resull  o(  elecirons  pro¬ 
duced  by  ion  bombardmeni  of  Ihc  calhiKle,  will  be  de¬ 
layed  wiih  respcci  lo  the  voltage  As  the  potential  dc- 
ireascs,  the  number  of  ions  and  the  number  and  energy 
o(  electrons  decreases  and  the  glow  inlensiiy  decreases. 
The  decay  of  the  lighl  after  this  point  is  due  to  the  rela- 
iivelv  long  lifetimes  of  strong  emission  lines  such  as  the 
.SOI  5  A  line  (r  -  75  ns)  (I5|  and  the  cascading  of  higher 
energy,  long-lifciimc  stales 

The  movcmeni  of  ihe  5875  A  glow  near  ihe  electrodes 
al  1  0  MHz  IS  shown  in  Fig  6  T  he  reference  points  used 
for  these  measurements  are  described  in  Fig  6(a)  Bncfly, 
1.  IS  the  distance  fnim  the  electrode  edge  to  the  intercept 
of  the  curve  determined  by  the  microdcnsiiomelcr  reso 
luiion  and  Ihc  increase  of  the  light  due  to  the  discharge 
This  intercept  is  a  convenient  measure  of  the  intensity  of 
the  glow  near  the  electrode  since  the  exact  liKation  of  the 
peak  excitjlion  is  dilhcult  lo  liKaie 
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Fig.  6  Movcmeni  of  ihc  .S875- A  glow  near  the  driven  and  ground  cicc 
irodcN  (a)  shows  a  portion  of  a  mitrodcnsilomcier  scan  of  u  negative 
The  location  of  the  band  describing  the  elcctnxle  is  as  marked  t  is  the 
distance  frt>m  the  clectnidc  edge  lo  the  inlcaepl  of  the  cxtrii|>olalcd  lines 
detrmiined  by  the  nm  n>dcnsitomelcr  res«»luln»n  and  ihe  increase  in  ihc 
glow  (hi  shows  fhe  rvolnlmn  of  the  glow  near  the  <lri\en  (0)  and  the 
grouml  (A)  eleclrmles  The  voltage  applied  l»>  ihc  diiven  clcclnxlc  is  as 
shown  (arbitrary  units)  The  dis<*hargc  ctindilions  arc  the  same  as  Pig 

Many  of  ihc  feaiurcs  of  Fig.  5  arc  afso  observable  in 
Fig.  6.  As  the  driven  electrode  becomes  more  negative, 
the  glow  increases  in  intensity  and  moves  towards  the 
cathode  as  previously  observed.  I.aler.  the  glow  at  Ihe 
ground  electrode  begins  to  grow  as  the  clcetroiis  penetrate 
the  gas  from  the  cathode.  At  the  maximum  voltage,  many 
ions  are  formed,  and  since  these  ions  lake  lime  to  drift 
across  Ihe  sheath,  the  glow  continues  to  increase  at  the 
cathode  and  anode  as  observed  in  Fig  5.  As  the  potential 
goes  to  zero,  both  glows  move  away  from  Ihcir  respective 
electrode  since  the  number  and  energy  of  the  electrons  is 
reduced.  This  is  in  contrast  to  Fig  5.  where  the  glow 
continues  into  the  next  half  cycle  due  to  long-lifetime 
states.  However,  both  Figs.  5  and  h  display  the  basic 
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(a)  (b) 

I  I).'  ^  llui'i'  itiMicnsion.il  plots  of  the  cvoliiiion  ol  tlic  SK7S  A  glow  in  .i 

pljk-  system  shtiwing  the  diet  I  of  the  dt  self  bus  on  the  glow 
< .« I  IS  biased  <  ?l)  V )  while  (b)  IS  shorted  to  groiiml  (0  ^  mA  short  ciretnl 

lUTfeiit)  The  voltage  relerenee  is  as  shown  The  driven  cleciriHle  is  !o 
vjied  at  i  2  mm  while  the  ground  electrode  is  at  i  -  54  mm.  I>is 
charge  conditions  are  500  I  T  helium.  5  W  into  the  plasma.  2-f> 

MH/.  and  5  ’  cm  plate  separation  for  both  figures  T  he  light  intensity 
IS  in  arbitral  v  units 


properly  of  ihc  voltage  maximum  leading  the  maximum 
lighl  intensity  o(  the  glow. 

The  effect  of  the  dc  self-bias  on  the  driven  electrode  at 
2.6  MHz  can  be  observed  in  Fig  7.  With  the  bias  present 
(Fig  7(a)),  the  587.‘<-A  glow  next  (o  the  driven  eleelriKlc 
when  It  IS  the  ealltode  is  miieh  widei  .md  hiighlei  than  the 
glow  that  loims  when  the  ground  plate  is  the  cathode.  In 
addition,  the  glow  extends  further  towards  the  anode  when 
the  driven  electrode  is  negative  If  the  bias  is  shorted  to 
ground  (Fig  7(b)),  the  shape  ol  the  glow  at  the  driven 
and  ground  electrodes  is  approximately  the  same 

There  arc  two  possible  explanations  for  the  enhance 
meni  o(  the  glow  when  the  de  bias  is  present  and  the 
driven  electrode  is  the  cathode.  1  he  first  is  that  the  driven 
pluiC  is  negative  longer  than  it  is  positive  as  a  result  of 
the  negative  bias.  This  allows  the  creation  of  additional 
electrons  clue  to  a  longer  period  of  ion  bombardment  of 
the  cathode.  The  second  possible  explanation  is  that  there 
may  be  an  increase  of  the  electric  field  at  the  driven  elec¬ 
trode  due  to  a  difference  in  the  ratio  of  cathode  area  to 
effective  ground  area  when  the  driven  electrode  ri  cath¬ 
ode  as  compared  to  when  the  ground  electrode  is  the  cath- 
(xle  |l|.  [.“il.  In  practice,  the  enhancement  of  the  glow 
when  the  driven  electrode  is  a  cathode  is  probably  the  re¬ 
sult  of  a  cotnbinalion  of  these  two  effects.  However,  the 
increase  of  the  glow  due  to  electric  field  enhancement  at 
the  driven  plate  is  thought  to  be  minimized  in  oui  system 
sim  c  ihe  electrodes  arc  mounted  in  a  Pyrex  tube  with  little 
I  'iiiuIpm)'  m.ili  ri.il 


IV.  CONCl.USION 

In  order  to  understand  the  dynamics  of  the  RF  plasma, 
it  is  important  to  study  both  tne  temporal  and  spatial 
evolution  of  the  plasma.  The  framing  camera,  which  pro¬ 
vides  spatial  and  tcmpoial  resolulioi.,  as  well  as  spectral 
sensitivity,  has  allowed  the  observation  and  measurement 
of  the  growth  of  the  glow  and  the  effect  of  the  dc  self-bias 
on  the  shape  of  the  glow.  We  have  noted  that  the  bexiy  of 
the  glow  appears  to  be  excited  by  u  beam  of  electrons  with 
u  ballistic  comrKinent  prtKlticcd  by  ion  Iximbardment  of 
the  calliodc  and  that  the  shadow  is  cunstslcnl  with  Ihe  the¬ 
ory  that  the  body  of  the  plasma  is  similar  to  a  negative 
glow.  The  photographs  also  show  that  the  maximum  light 
from  the  glow  follows  the  peak  cathcxlc  voltage  and  the 
current  and  power  maximum.  Due  to  the  delay  in  the  glow 
peak,  the  ion  transit  time  across  the  sheath  appears  to  be 
an  important  factor  in  the  dynamics  ol  the  glow. 
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The  peak  and  time  averaged  electron  density  in  rf  excited  silane-helium  mixtures  increased 
significantly  above  the  cw  value  by  square  wave  modulating  the  source.  The  deposition  rate  of 
amorphous  hydrogenated  silicon  films  is  also  enhanced  and  apparently  follows  the  electron 
density.  .Attachment  to  the  discharge  products  appears  to  be  responsible. 


The  properties  of  rf  glow  discharges  in  silane  and  heli¬ 
um,  as  well  as  the  materials  deposited  from  these  discharges, 
have  been  the  focus  of  extensive  research.'  ''  One  of  the 
major  impetus  for  research  on  the  deposition  kinetics  of 
amorphous  hydrogenated  silicon  has  been  the  desire  to  pro¬ 
duce  high  quality  films  at  enhanced  deposition  rates.  We 
have  uncovered  a  process  which  enhances  deposition  in  low 
power  rf  discharges  significantly.  Both  the  deposition  rate 
and  the  time  averaged  electron  density  have  been  enhanced 
by  square  wave  amplitude  modulating  (SQWM)  the  excita¬ 
tion  of  the  silane-helium  mixture  (i.e..  lOO^  mcxlulation 
depth  and  50%  duty  cycle).  Even  though  this  work  has  con¬ 
cerned  deposition,  the  data  suggest  that  this  phenomenon 
may  be  found  in  other  attaching  gases  including  those  used 
for  etching. 

The  experimental  apparatus  in  Fig.  I  is  conventional  in 
Its  essential  features  excepting  perhaps  our  use  of  2.9  rather 
than  1.1.56  MHz.  Power  is  coupled  capacitively  to  the  glow 
through  the  matching  network  shown  in  the  upper  section 
and  the  incident/reflected  values  are  measured  with  a  Bird 
wattmeter  An  MKS  254A  flow  controller  determines  and 
monilors  the  (low  ol  gas  through  the  plasma  volume  and  also 
controls  the  fractional  silane  content  of  the  total.  Typical 
flows  are  in  the  range  of  30  .seem  for  pressures  on  the  order  of 
0.6  Torr  of  0.5%  SiHj  in  helium. 

A  double  pass  microwave  briilge  circuit,  shown  below 
the  discharge  section  in  Fig.  I.  is  used  to  measure  the  elec¬ 
tron  density  within  the  9  cm  diameter  x  5  cm  discharge  vol¬ 
ume.  The  microwave  circuit  involves  a  standard  measure¬ 
ment  technique  which  has  been  discussed  extensively  in  the 
literature. '  Only  the  general  idea  is  stressed  here;  namely, 
the  change  in  the  detector  output  is  directly  proportional  to 
the  electron  density.  Electron  densities  greater  than  10" 
cm  '  were  measurable  using  this  circuit  at  a  microwave 
frequency  of  8.558  GHz. 

The  electron  density  is  emphasized  because  of  its  micro¬ 
scopic  nature  within  the  glow  discharge  and  because  it  yields 
information  on  a  time  scale  which  is  short  compared  to  most 
kinetic  reactions.  By  way  of  compari.son,  the  macroscopic 
growth  rate  or  film  quality  are  integrations  over  large  time 
periods  of  complex  and  often  competing  processes.  Despite 
this  difference  in  the  nature  of  these  observables,  we  have 
found  that  the  deposition  rate  follows  the  dependence  of  the 
time  averaged  eleetron  density,  in  agreement  with  Turban^  ' 
and  Kampas.  ' 

The  time  evolution  (ifllie  cieclroii  densitv  m  helium  and 


a  0.5%  silane  mixture  in  response  to  a  SQWM  excitation 
( 100%  modulation  depth  and  50%  duly  cycle)  is  compared 
in  Fig.  2  to  that  of  a  cw  discharge  at  the  same  peak  power 
(and  consequently  twice  the  average  power).  The  results  for 
a  helium  discharge,  shown  in  Fig.  2(a),  follow  intuitive  log¬ 
ic.  The  square  wave  modulated  source  produces  an  essential¬ 
ly  square  wave  modulated  electron  density,  and  the  identical 
peak  power  to  the  discharge  produces  the  same  peak  electron 
density.  Obviously,  the  decreased  average  power  to  the 
SQWM  glow  produces  a  corresponding  decrease  (by  a  fac¬ 
tor  of  2)  in  the  time  averaged  electron  density. 

The  electron  density  in  a  0.5%  silane  mixture  does  not 
follow  this  intuitive  logic  as  is  illustrated  in  Fig.  2(b).  The 
time  dependence  of  the  electron  density  in  the  SQWM  glow 
is  no  longer  nearly  square  wave  in  shape,  and  despite  having 
the  same  peak  power,  the  instantaneous  electron  density  is 
radically  diflTerent  from  the  cw  value.  Indeed,  Fig.  2(b) 
shows  that  the  electron  density  has  a  rather  complex  and 
contorted  time  behavior,  and  has  not  reached  the  cw  equilib- 
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FIG.  2  Time  dependence  of  the  electron  density  for  a  square  wave  modulat¬ 
ed  excitation  source  (SQWM)  ( 100^  modulation  depth  and  50%  duly 
cycle)  and  i  continuous  wave  source  (cw)  in  (a)  helium  and  (b)  0  5% 
silane  in  helium. 

rium  value  even  in  the  50  ms  on  time.  Consequently,  the 
density  averaged  over  the  period  of  modulation  is  consider¬ 
ably  larger  for  the  SQWM  excitation  as  can  be  deduced  from 
Fig.  2(b). 

The  dependence  of  the  electron  density  on  the  modula¬ 
tion  frequency  is  shown  in  Fig.  3.  For  a  constant  peak  power 
of  1 8  W,  the  time  averaged  electron  density  can  be  enhanced 
by  as  much  as  a  factor  of  2-3  in  the  SQWM  glow.  For  low 
(  <  S  Hz)  and  for  high  (  >  5  kHz)  modulation  frequencies, 
the  time  averaged  electron  density  in  the  SQWM  glow  ap¬ 
proaches  the  expected  1/2  of  the  cw  value.  The  film  thick¬ 
ness  (for  a  15-min  deposition  time)  is  shown  in  Fig.  4  along 
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FIG  1.  Dependence  of  the  time  averaged  electron  density  on  the  square 
wave  modulation  frequency  in  a  1%  silane  discharge  (0  6  Torr)  The  peak 
power  IS  ~  18  W 

896  AppI  Phys  Lott ,  Vol  48.  No  11. 17  March  1986 


MODULATION  FREQUENCY  (Mr) 

FIG.  4  Total  film  thickness  after  1 5  mm  and  time  averaged  electron  density 
during  the  growth  as  a  function  of  the  modulation  frequency.  The  peak 
power  varied  between  the  daU  points,  but  remained  in  the  1 5- 1 8  W  range. 
All  discharges  were  1%  silane  in  helium  at  approximately  0.6  Torr. 

with  the  time  averaged  electron  density  during  the  growth. 
These  films  were  grown  on  quartz  substrates  placed  on  the 
driven  electrode  ( in  Fig.  I )  and  the  film  thickness  was  mea¬ 
sured  with  a  Dektak  profilometer.  Note  that  the  data  points 
shown  in  Fig.  4  were  not  all  taken  at  the  same  peak  power 
and  thus  the  densities  shown  in  Figs.  3  and  4  cannot  be  com¬ 
pared;  however,  the  correlation  between  electron  density 
and  deposition  in  Fig.  4  is  significant.  The  deposition  rate 
can  be  seen  there  to  follow  the  magnitude  of  the  electron 
density. 

Both  the  contorted  time  evolution  shown  in  Fig.  2  and 
the  enhancement  of  the  time  averaged  electron  density  in 
Fig.  3  indicate  a  complex  interrelationship  between  the  elec¬ 
tron  density,  ion  density,  and  the  depositing  species.  While 
the  exact  electron-ion  kinetics  are  not  clear  from  the  data 
presented  in  Figs.  2  and  3,  one  may  speculate  based  upon 
these  data.  In  Fig.  2(b),  the  electron  density  increases  to  a 
high  value  initially  and  then  decreases  to  a  quasi-equilibrium 
value.  This  time  dependence  is  consistent  with  the  results  of 
Fleddermann  et  al.*  who  demonstrated  that  the  products  of 
silane  dissociation  attached  electrons  faster  than  silane  itself 
These  products  are  not  within  the  discharge  when  it  is  first 
turned  on;  therefore  the  electron  density  rises  quickly.  As 
the  discharge  proceeds,  however,  silane  is  dissociated  into 
these  attaching  products,  and  attachment  produces  the  rap¬ 
id  decay  of  the  electron  density  after  its  initial  rise.  Unfortu¬ 
nately,  the  secondary  increase  of  electron  density  [in  Fig. 
2(b)]  and  the  approach  to  the  cw  value  are  not  understood  at 
this  time. 

The  fact  that  the  depiosition  rate  increases  in  the  SQWM 
discharge  even  though  the  time  averaged  power  is  halved 
may  indicate  that  the  products — possibly  even  the  negative 
ions — of  the  initial  silane  dissociation  are  involved  in  deposi¬ 
tion.  These  negative  ions  are  confined  by  the  sheaths  in  the 
same  manner  as  are  electrons  in  the  cw  glow.  Hence  the 
enhanced  growth  rate  in  the  SQWM  glow  may  be  partially 
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due  to  deposition  by  the  negatively  charged  radicals  in  the 
afterglow  when  such  sheaths  are  greatly  reduced.  This  spec¬ 
ulation  regarding  the  enhancement  remains  to  be  proven. 

Even  though  the  detailed  processes  are  not  known  at  the 
present  time,  it  is  surely  true  that  the  enhanced  electron  den¬ 
sity  in  the  SQWM  glow  permits  an  increase  in  the  neutral 
and  ionic  products  along  with  an  enhanced  deposition  rate. 
Similar  effects  may  be  found  in  etching  discharges;  indeed, 
there  may  be  a  hint  of  this  in  a  recent  paper.”  The  authors 
have  also  observed  a  similar  (although  somewhat  less  pro¬ 
nounced)  enhancement  in  the  electron  density  in  a  CF4 
glow. 
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